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The  symposium  and  this  volume  are  dedicated  to 
Gordon  G.  Heath  as  a  tribute  to  his  inspiring  and 
enduring  contributions  to  Physiological  Optics  at 
Indiana  University 


Bell  Optical  laboratories  congratulates  Dr. 
Gordon  Heath  on  his  thirty-three  years  service  to 
Indiana  University  and  to  Optometry.  We  are 
happy  to  participate  in  this  tribute. 

—Mr.  J.  Hank  Zobrist 
Vice  President 

CIBA  Vision  Corporation  is  pleased  to  join  with 
the  many  friends  and  admirers  of  Dr.  Gordon 
Heath  in  honoring  him  for  his  many  outstanding 
years  in  Optometric  Education. 

— Dr.  B.  J.  Shannon 
Executive  Director 
Professional  Services 
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Gordon  Glenn  Heath  was  born  in  Sultan,  Washington,  September  22, 
1922,  but  always  considered  himself  a  native  Californian  because  he  and 
his  family  moved  there  when  he  was  only  5  years  old.  He  enrolled  in  the 
University  of  California  at  Berkeley  in  1940  to  pursue  a  degree  in  chemical 
engineering,  but  the  outbreak  of  World  War  II  altered  that  plan.  He  joined 
the  U.S.  Naval  Reserve  and,  in  its  V-12  program,  attended  Los  Angeles 
City  College,  Peru  (Nebraska)  State  Teachers  College,  and  Northwestern 
University  in  Chicago,  where  he  graduated  from  Midshipmen's  School  with 
a  commission  as  Ensign.  He  was  immediately  sent  to  New  Guinea  where 
he  joined  his  ship,  the  U.S.S.  Carter  Hall  (LSD-3),  just  in  time  to  participate 
in  the  invasion  of  Leyte  Gulf  in  the  Philippines.  Later,  after  other  invasions 
and  voyages  to  many  Pacific  ports,  the  Carter  Hall  was  sent  soon  after 
war's  end  to  Shanghai,  where  Heath,  still  an  Ensign  but  by  now  senior  to 
the  ship's  other  25  officers,  was  appointed  its  Commanding  Officer,  a  post 
he  held  until  returning  to  the  U.S.  for  discharge  from  active  duty.  Ironically, 
it  was  while  on  terminal  leave  before  rejoining  civilian  life  that  he  finally 
was  promoted  to  Lt.  (j.g.). 

In  1946  Professor  Heath  resumed  his  education,  entering  the  Univer- 
sity of  Southern  California.  He  was  influenced  to  study  optometry  by  a 
boyhood  friend  whom  he  joined  at  Los  Angeles  College  of  Optometry  in 
1948,  where  he  earned  the  B.V.S.  degree  in  1950  and  the  O.D.  degree  in 
1951.  He  entered  the  graduate  program  in  physiological  optics  at  the  Uni- 
versity of  California,  Berkeley  in  the  fall  of  that  year,  later  receiving  the 
M.S.  and  Ph.D.  degrees. 

Professor  Heath  has  been  at  Indiana  University  since  1955.  He  served 
as  director  of  the  optometry  clinic  from  1955  to  1960  and  director  of  the 
graduate  program  in  physiological  optics  from  1960  to  1970,  at  which  time 
he  became  Director  of  the  Division  of  Optometry.  Under  his  leadership, 
the  Division  was  elevated  to  School  status  in  1975  and  he  was  appointed 
Dean,  a  position  he  held  until  July  31,  1988,  when  he  resumed  his  faculty 
post. 

Dr.  Heath  served  as  president  of  the  Association  of  Schools  and  Col- 
leges of  Optometry  from  1963  to  1965,  and  president  of  the  American 
Academy  of  Optometry  for  the  years  1983  and  1984.  He  has  held  appoint- 
ments as  research  consultant  to  the  Office  of  the  Surgeon  General  of  the 
Army;  member  of  the  National  Academy  of  Sciences/National  Research 
Council  Committee  on  Vision;  the  Advisory  Council  for  Health  Professions, 
HEW;  and  the  National  Advisory  Eye  Council,  National  Eye  Institute,  NIH. 
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Dr.  I  loalli's  roscarcli  interests  have  centered  on  color  vision  and  pho- 
toreceptor directionality.  He  has  authored  numerous  papers  in  these  and 
other  research  and  professional  subjects.  He  is  highly  respected  generally 
for  both  his  scientific  and  professional  contributions;  but  those  who  have 
been  his  graduate  students  have  for  him  a  very  special  affection.  The  tribute 
of  Professor  Tony  Adams,  one  of  his  graduate  students,  exemplifies  the 
high  degree  of  esteem  in  which  he  is  held  by  all:  "Gordon  Heath  has  been 
the  mentor  of  many,  both  formally  and  informally.  I  am  most  grateful  to 
be  among  his  many  students  and  friends.  Gordon's  encouragement,  guid- 
ance, patience  and  insight  in  vision  research  have  placed  him  among  the 
'most  admired'  by  students  of  visual  science.  He  stands  very  tall  without 
casting  a  threatening  shadow.  Of  course  a  symposium  dedicated  to  him  is 
most  appropriate  and  I  am  pleased  to  join  in  recognizing  his  exceptional 
contributions  over  the  years." 
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PREFACE 

The  symposium  from  which  this  volume  is  drawn  was  held  on  Sep- 
tember 9,  1988.  This  was  one  of  a  series  of  events  that  were  organized  to 
pay  tribute  to  Professor  Gordon  G.  Heath  on  the  occasion  of  his  retirement 
from  the  deanship  at  the  School  of  Optometry,  Indiana  University.  The 
idea  of  bringing  together  former  students  of  the  graduate  program  in  phys- 
iological optics  for  this  purpose  was  the  brainchild  of  Ray  Applegate,  Robert 
Massof,  and  Gary  Trick.  They  were  also  largely  responsible  for  arranging 
the  symposium  program.  The  willing  response  of  those  asked  to  contribute 
papers  and  the  number  of  graduates  of  the  physiological  optics  program 
who  attended  are  true  testimonials  to  the  great  respect  Dr.  Heath  has 
earned  as  mentor,  and  the  high  regard  he  has  earned  as  friend. 

The  fourteen  papers  presented  in  this  symposium  volume  cover  a  wide 
range  of  subjects — so  wide  that  they  resist  grouping  on  a  topical  basis. 
Their  common  factor  is  simply  that  their  authors  are  all  graduates  of  the 
program  in  physiological  optics  that  was  chaired  by  Dr.  Heath  throughout 
the  decade  of  the  60' s  prior  to  his  becoming  dean. 

The  first  six  papers  represent  basic  research  with  specific  emphasis  on 
vision  and  the  eye.  The  J.  Bailey  and  the  Applegate-Massof  papers  concern 
retinal  directional  sensitivity,  a  topic  of  special  interest  to  Professor  Heath 
who  devoted  a  sabbatical  leave  to  research  on  this  topic  at  the  Institute  for 
Perception  in  Soesterberg,  Holland  in  1969-70.  The  next  four  papers,  by 
Adams,  Trick,  Hovis,  and  Massof  deal  with  research  in  color  vision,  a 
longstanding  interest  of  Dr.  Heath  stemming  from  his  experiences  as  a 
graduate  student  under  Gordon  L.  Walls  at  Berkeley.  Each  of  the  six  papers 
contains  a  review  of  the  research  literature  in  its  specific  topical  area. 

The  next  six  authors  deal  with  various  ways  in  which  research  may 
be  applied.  Worthey  discusses,  with  wit  as  well  as  insight,  the  optics  of 
veiling  reflections.  Pitts  comprehensively  considers  the  effects  of  environ- 
mental UV  radiation  on  the  eye.  Goss  postulates  a  causative  mechanism 
for  juvenile  myopia  based  on  animal  experiments  concerning  refractive 
effects  of  retinal  image  degradation.  McCuUoch  reports  on  clinical  evalu- 
ation of  vision  in  aphakic  children  as  an  application  of  visually  evoked 
potentials.  Two  authors  deal  with  improvements  in  vision  testing  proce- 
dures: Williams  applies  computer  techniques  to  the  quantification  of  visual 
field  measures;  I.  Bailey  presents  the  problems  and  difficulties  of  measuring 
and  reporting  visual  acuities,  and  recommends  a  simplified  method  of 
standardizing  them. 
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The  final  two  authors  present  practical  application  of  remedial  work 
with  the  visually  impaired:  Zahn  describing  the  design  and  operation  of  a 
model  vision  rehabilitation  service  center;  Uslan  discussing  history  and 
current  technological  use  of  devices  for  orientation  and  mobility  of  the 
blind  or  severely  visually  impaired. 

In  addition  to  those  who  originated  the  idea  of  a  symposium  by  and 
for  those  who  came  under  Heath's  tutelage  as  graduate  students,  the  con- 
tributions of  others  who  participated  should  be  acknowledged:  Gloria 
Cochran,  Dan  Gerstman,  Sue  Gilmore  and  Ron  Jensen,  all  members  of  the 
optometry  administrative  staff,  made  certain  that  preparations  and  ar- 
rangements for  all  events  went  smoothly.  Those  members  of  the  I.U.  op- 
tometry faculty  served  as  moderators  at  the  symposium  sessions:  Arthur 
Bradley,  Robert  Devoe,  S.  Lee  Guth,  and  Larry  Thibos.  We  are  also  in- 
debted to  Bell  Optical  Laboratories  and  to  Ciba  Vision  Corporation  for 
helping  underwrite  publication  of  the  symposium  papers. 

A  wealth  of  memories  of  graduate  student  days  evolved  among  those 
who  gathered  for  this  event.  The  breadth  of  contributions  by  those  who 
presented  papers  evokes  assurance  that  those  who  passed  that  way  during 
the  Heath  years  will  continue  productively  to  expand  his  influence  on  visual 
science  and  vision  care  for  a  long  time  to  come. 

William  R.  Baldwin 
July  29,  1989 
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FACTORS  DETERMINING  HUMAN  RECEPTOR 
ORIENTATION 


James  E.  Bailey 

Associate  Professor  of  Visual  Science 
and  Optometry  at  Southern  California 
College  of  Optometry,  Fullerton,  Cal- 
ifornia where  he  is  Chair  of  the  De- 
partment of  Basic  and  Visual  Sciences. 


ABSTRACT.  Evidence  is  emerging  from  psychophysical  measurements 
of  the  Stiles-Crawford  effect  (SCE)  that  a  combination  of  forces  (photo- 
tropic,  center  of  retinal  sphere  orienting,  traction,  packing)  influence  pho- 
toreceptor alignment.  This  evidence  is  reviewed,  and  new  SCE  data  is 
reported  demonstrating  anomalous  photoreceptor  orientation  in  a  variety 
of  colobomatous  eyes. 
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FACTORS  DETERMINING  HUMAN 
PHOTORECEPTOR  ORIENTATION 

I  am  grateful  for  the  invitation  to  participate  in  this  visual  science 
symposium  honoring  Gordon  Heath.  It  was  he  who  got  me  interested  in 
the  problem  of  the  directional  sensitivity  of  the  retina,  generally  accepted 
as  the  explanation  of  the  Stiles-Crawford  (S-C)  effect.  During  a  sabbatical 
leave  in  the  Netherlands  he  worked  with  Pieter  Walraven  on  psycho- 
physical studies  of  photoreceptor  orientation  and  directional  sensitivity.  ^  2 
Following  this,  he  encouraged  me  to  pursue  an  investigation  of  photore- 
ceptor directional  sensitivity  for  my  doctoral  research. Afterwards,  he 
helped  get  me  to  Walraven's  laboratory  where  I  continued  studies  of  the 
Stiles-Crawford  effect  in  collaboration  with  J.J.  Vos.^  I  shall  be  forever 
grateful  to  Gordon  Heath  for  these  opportunities. 

My  contribution  to  this  symposium  is  to  review  evidence  indicating 
that  photoreceptor  orientation  is  influenced  by  a  combination  of  several 
forces  or  factors.  This  evidence  has  emerged  from  psychophysical  studies 
of  the  S-C  effect  of  normal  observers  and  those  with  ocular  anomalies. 
Additionally,  I  will  present  some  results  of  investigations  on  this  subject, 
recently  conducted  in  collaboration  with  Drs.  Jay  Enoch  and  Vasudevan 
Lakshminarayanan  during  a  sabbatical  leave  I  spent  in  their  laboratory  at 
the  School  of  Optometry,  University  of  California,  Berkeley. 

The  Stiles-Crawford  Effect 

The  sensitivity  of  the  eye  to  light  depends  upon  the  point  in  the  pupil 
through  which  the  hght  enters  the  eye.  Sensitivity  is  generally  greatest 
near  the  center  of  the  pupil  but  progressively  decreases  for  more  eccentric 
entry  points.  This  effect  was  discovered  by  Stiles  and  Crawford^  and  is 
most  pronounced  when  measured  under  conditions  favoring  cone-medi- 
ated photopic  vision. 7  A  S-C  function  is  depicted  in  the  top  panel  of  Fig. 
1,  illustrating  the  falloff  in  sensitivity  from  the  peak  of  sensitivity  near  the 
center  of  the  pupil.  The  lower  panels  of  Fig.  1  depict  current  ideas  of  the 
factors  contributing  to  the  S-C  effect.  These  are  reviewed  by  Enoch  and 
Tobey«  and  will  be  summarized  in  the  next  section. 
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Different  points  of  pupil  entry  result  in  different  angles  of  incidence 
of  light  on  the  retina.  Variation  of  sensitivity  with  angle  of  incidence  is 
attributed  to  an  inherent  directional  sensitivity  of  the  retina.  As  depicted 
in  the  lower  left  panel  of  Fig.  1,  photoreceptors  are  directionally  sensitive. 
However,  the  extent  to  which  the  directionality  of  the  retina  is  indicative 
of  individual  photoreceptor  directional  sensitivity  is  not  yet  clear. ^  '^'i"  "  If 
individual  cones  have  acceptance  angles  narrower  than  the  S-C  function 
(narrow  curve  in  lower  left  panel),  then  the  S-C  effect  can  be  considered 
the  result  of  some  variation  in  the  intercepts  of  the  receptors'  orientation 
axes.  This  is  represented  by  the  broad  curve  in  the  panel  second  from  the 
left  at  the  bottom  that  matches  the  S-C  function  in  the  top  panel.  If,  on 
the  other  hand,  the  acceptance  angle  of  receptors  is  as  broad  as  the  overall 
S-C  function  (broad  curve,  lower  left  panel),  then  there  would  be  little 
variation  in  where  the  orientation  axes  of  receptors  intercept  the  pupil 
(narrow  curve,  second  from  left  at  bottom).  If  both  the  acceptance  angle 
and  the  distribution  of  receptor  orientations  are  broad,  the  S-C  effect  func- 
tion would  be  much  broader,  approximating  a  flat  line. 

Pre-retinal  media  factors,  affecting  light  transmission  and  imagery  in 
the  eye,  could  also  influence  the  S-C  effect.  To  some  extent  this  depends 
on  the  chosen  stimulus  characteristics.  These  media  factors  are  listed  in 
the  lower  panels,  third  from  the  left  in  Fig.l  and  are  discussed  by  Weale.^^ 
Finally,  as  listed  in  the  lower  right  panel  of  Fig.  1,  neural  and  optical 
interactions  between  elements  in  the  retinal  area  sampled  could  also  modify 
the  group  response. 

Photoreceptor  Alignment  Mechanisms 

Whatever  relationships  exist  between  photoreceptor  directionality  and 
orientation,  the  peak  of  the  S-C  function  can  be  considered  to  represent 
the  general  orientation  tendency  of  the  group  of  receptors  sampled  by  the 
measurement.  The  width  of  the  function  reflects  variation  in  directional 
properties  and  dispersion  in  alignment  of  the  sampled  elements.  Alignment 
of  directionally  sensitive  receptors  towards  the  pupil  ensures  maximum 
efficiency  in  utilization  of  light  entering  the  eye.  Measurements  of  the 
S-C  function  at  different  retinal  locations  offers  a  means  to  characterize 
mechanisms  defining  receptor  orientation.  The  peak  of  the  S-C  function 
measured  at  fixation  is  usually  located  near  the  center  of  the  pupil, ^^-^^ 
remains  centered  when  measurements  are  taken  over  a  wide  retinal  area,i5,i6 
and  is  remarkably  stable  over  time.'^  Numerous  reports  have  described 
recovery  of  the  S-C  function  following  an  initial  disturbance  (flattening  or 
location  within  pupil  displaced,  or  both)  due  to  pathology. « These  findings 
imply  the  existence  of  an  active  mechanism,  perhaps  phototropic,^^  for 
maintaining  alignment  of  photoreceptors  with  the  center  of  the  pupil.  Ad- 
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ditional  studios,  which  1  will  now  review,  support  the  notion  of  a  photo- 
tropic  orienting  force,  but  also  indicate  that  other  forces  act  to  influence 
receptor  alignment. 

The  location  of  the  peak  of  the  S-C  effect  has  been  found  to  be  shifted 
in  the  direction  of  a  displacement  of  the  pupil  due  to  injury.''^  A  schematic 
of  the  anomalous  pupil  and  a  measurement  of  the  S-C  effect  in  this  eye 
are  shown  in  the  upper  half  of  Fig. 2.  The  S-C  function  on  the  right,  obtained 
from  an  oblique  traverse  of  the  dilated  eccentric  pupil,  is  displaced  in  the 
direction  of  the  displaced  pupil.  Maximum  efficiency  was  found  to  be  near 
the  location  of  the  natural  eccentric  pupil.  In  a  subsequent  investigation, 
the  subject  (Bonds)  was  fitted  with  a  contact  lens  having  a  centered  artificial 
pupil.  This  study  was  undertaken  to  determine  if  there  was  an  active 
alignment  mechanism  responsible  for  orienting  photoreceptors. The  S-C 
function  obtained  after  the  lens  was  worn  for  several  days  with  the  pupil 
dilated  is  shown  in  the  lower  half  of  Fig. 2.  Clearly,  there  is  a  temporalward 
shift  in  the  peak  location  of  the  S-C  effect,  away  from  the  natural  eccentric 
pupil  and  toward  the  centered  artificial  pupil,  indicating  an  active,  pho- 
totropic  pupil-orienting  mechanism. 

Similar  investigations  were  conducted  by  Enoch  and  Birch. Enoch 
wore  a  contact  lens  with  a  displaced  aperture  in  an  attempt  to  produce  a 
comparable  amount  of  translation  of  the  peak  of  the  S-C  effect.  The  results 
are  summarized  in  Fig.  3A-C.  Fig.  3 A  shows  the  location  in  the  pupil  of 
the  peaks  of  the  S-C  effect  at  different  retinal  locations.  For  points  on 
temporal  retina,  corresponding  to  nasal  visual  field,  the  peaks  of  the  S-C 
functions  clustered  near  the  center  of  the  pupil;  nasal  retina  points  inter- 
cepted the  pupil  in  a  more  nasalward  direction.  Receptors  across  the  tested 
area  of  retina  are  affected  by  more  than  one  orienting  force. 

To  test  for  the  presence  of  an  active  pupil-orienting  mechanism,  a 
painted  iris  contact  lens  with  a  2mm  aperture  was  fitted.  The  aperture  was 
located  2mm  temporalward  in  the  pupil.  Results  of  S-C  effect  measure- 
ments after  the  lens  was  worn  for  12  days  are  shown  in  Fig.  3B.  Only  the 
peak  locations  of  points  on  the  temporal  retina  were  displaced,  but  opposite 
to  the  direction  of  the  displaced  artificial  pupil.  Increasing  the  diameter  of 
the  aperture  to  3mm  and  displacing  the  aperture  2.5mm  temporal  to  the 
pupil  center  produced  the  results  shown  in  Fig.  3C.  Points  on  the  temporal 
retina  were  now  oriented  toward  the  displaced  aperture  while  nasal  ori- 
enting elements  remained  unaffected.  Multiple  factors  are  influencing  re- 
ceptor orientation  in  this  eye.  There  is  an  indication  of  a  mechanical  (traction) 
force  with  an  origin  near  the  optic  nerve  and  an  active  light-induced  force. 
The  2  mm  aperture  presumably  decreased  the  effect  of  the  active  pupil- 
orienting  force,  causing  the  mechanical  force  to  dominate  (Fig.  3B).  In- 
creased light  induced  a  graded  alteration  of  alignment  across  the  retina 
toward  the  displaced  aperture  (Fig.  3C).  The  S-C  effects  measured  for  the 
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2.  Stiles-Crawford  effect  data  obtained  from  the  amblyopic  eye  of  A. B.  Bonds  (from 
Bonds  and  MacLeod,  1978;  Applegate  and  Bonds,  1981).  The  upper  panels  show  a 
diagram  of  the  natural  (small  oval  with  dot  at  center)  and  dilated  eccentric  pupil  (sur- 
rounding natural  pupil)  in  relation  to  limbus  (outermost  contour),  and  the  Stiles-Craw- 
ford function  resulting  from  a  traverse  along  oblique  line.  Eccentric  pupil,  adjacent 
notch,  and  nearby  disturbance  of  medial  limbus  were  result  of  trauma.  Symbol  A  is 
location  in  pupil  of  maximum  acuity,  m  is  maximum  sensitivity,  +  estimates  location 
of  optical  axis.  Arrows  are  the  locations  of  maximum  sensitivity  along  horizontal  and 
vertical  lines  indicating  paths  of  traversing  test  beam.  The  lower  panel  depicts  move- 
ment of  the  Stiles-Crawford  function  toward  the  pupil  center  induced  by  wearing  a 
contact  lens  with  a  centered  artificial  pupil. 
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different  conditions  reflect  a  different  sum,  or  balance  of  forces  influencing 
receptor  alignment.  Alterations  resulting  from  a  displaced  artificial  pupil 
strengthens  the  arguement  of  a  retinal  origin  of  the  S-C  effect.  It  is  clear 
that  measurement  of  the  S-C  effect  at  different  locations  is  necessary  to 
characterize  the  properties  of  the  orienting  mechanisms. 

The  peak  of  the  S-C  effect  has  also  been  found  to  be  displaced  toward 
the  notched  (keyhole)  pupil  in  a  case  of  iris  coloboma.i^  A  phototropic 
mechanism  is  implied.  Unfortunately,  it  is  not  possible  to  draw  conclusions 
about  the  properties  of  an  alignment  mechanism  from  the  reported  single 
measurement  at  fixation.  Moreover,  since  there  was  also  a  coloboma  of  the 
retina  in  this  case,  extending  downward  and  nasal  from  the  optic  disc, 
more  than  one  mechanism  or  force  may  have  influenced  alignment. 

There  have  been  reports  of  an  apparent  failure  of  the  overall  center- 
of-the-pupil  alignment  mechanism.  1^21,22,23  g-C  functions  measured  in  an 
amblyopic  individual  are  illustrated  in  Fig.  4.  Transretinal  receptor  align- 
ment in  the  amblyopic  eye  is  approximately  toward  the  center  of  the  pupil. 
In  the  nonamblyopic  eye  the  S-C  peak  locations  in  the  pupil  translate 
opposite  to  the  direction  of  the  locations  tested  on  the  retina.  As  shown 
in  the  schematic  of  this  eye,  receptor  alignment  approximates  a  center-of- 
the-retinal  sphere  tendency.  Fig.  5  summarizes  similar  results  obtained 
from  an  eye  with  congenital  aniridia. 24  The  axial  projections  of  the  peak  of 
the  S-C  function  cross  proximal  to  the  center  of  the  retinal  sphere. No 
retinal  abnormalities  were  apparent  from  ophthalmoscopic  examination  of 
these  amblyopic  and  aniridic  individuals. 

The  results  in  these  cases  depart  significantly  from  the  usual  center- 
of-the-pupil  orientation  characteristic.  Some  other  force,  or  forces  establish 
the  S-C  function.  The  orienting  force  is  non-phototropic  and  is  expressed 
approximately  perpendicularly  to  the  retinal  surface,  perhaps  the  result  of 
active  adhesion  of  the  retina  to  the  pigment  epithelium.  This  center-of-the- 
retinal  sphere  orienting  force  is  normally  dominated  by  a  phototropic  (pupil- 
orienting)  force.  When  the  phototropic  force  is  weak  or  absent,  the  other 
force  defines  the  S-C  function.  Despite  an  apparent  failure  of  a  phototropic 
orienting  mechanism,  receptor  orientation  in  the  central  retina  is  quite 
good.  This  is  perhaps  not  surprising  considering  the  geometry  of  the  eye- 
ball. In  addition,  the  close  packing  of  foveal  receptors  would  presumably 
allow  little  dispersion  of  receptor  orientation,  contributing  to  the  group 
directional  sensitivity.  Heath  and  Walraven^  demonstrated  from  their  mea- 
surements of  the  S-C  effect  over  a  distance  of  about  2  degrees  in  the  central 
retina  that  the  receptors  are  parallel  to  each  other  (Fig.  6).  Packing  combined 
with  a  retinal  adhesion  force  in  the  central  retina  would  act  to  maintain 
pupillary  alignment  in  the  absence  of  a  phototropic  orienting  force.  This 
may  explain  why  prolonged  total  light  exclusion  and  absence  of  fractional 
effects  does  not  disrupt  photoreceptor  alignment  at  the  center  of  the  fovea. 


jnttics  /'.  Bniliy 


nasal      temporol  infenof  superior 


temporal  inferior  superior 


,  Representation  of  receptor  alignment  as  in  Fig.  3  of  an  amblyopic  observer  (from 
Bedell  and  Enoch,  1980).  The  amblyopic  eye  and  its  Stiles-  Crawford  functions  are  on 
the  left,  the  nonamblyopic  eye  on  the  right.  Near  center  of  the  retinal  sphere  alignment 
in  the  nonamblyopic  eye  is  inferred  from  movement  of  the  Stiles-Crawford  function 
opposite  to  the  direction  of  movement  of  the  test  location  on  the  retina. 
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5.  Stiles-Crawford  functions  obtained  for  horizontal  traverses  of  the  pupil  at  various 
locations  across  the  horizontal  meridian  of  the  retina  of  an  aniridic  observer  (from  Enoch 
et  al.,  1986).  The  eye  schematic  represents  projections  of  the  peak  locations  to  the  pupil 
plane  to  indicate  near  center  of  the  retinal  sphere  receptor  alignment. 
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Fig  6.  Location  of  the  peak  of  the  Stiles-Crawford  funcHon  in  Heath's  eye  (Heath  and 
Walraven,  1970)  as  a  function  of  the  retinal  test  locus  in  the  central  retina.  The  change 
in  the  S-C  peak  location  is  approximately  equal  to  that  of  the  retinal  location,  indicating 
parallel  orientations  of  receptors  as  shown  by  the  projections  in  the  eye  schematic. 
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At  other  sites  toward  the  retinal  periphery  an  additional  force  (phototrop- 
ism)  is  needed  to  orient  the  receptors  within  the  boundaries  of  the  pupil. 

A  working  hypothesis  has  emerged  fronn  consideration  of  the  fore- 
going experimental  results. The  S-C  effect  is  a  measure  of  a  (vector)  sum, 
or  perhaps  a  kind  of  balance  of  several  forces  acting  to  influence  receptor 
orientation.  A  prenatal  set-up  mechanism  establishes  anterior  pointing  be- 
fore birth. Orientation  is  maintained  by  a  pupil-orienting  (assumed  pho- 
totropic)  force,  a  force  perpendicular  to  the  retina  orienting  receptors  toward 
the  center  of  the  retinal  sphere,  fractional  forces  influencing  local  align- 
ment, and  a  packing  factor  acting  on  small  groups  of  receptors.  Photo- 
tropism  ordinarily  dominates,  but  when  weakened,  suspended,  or  overcome 
by  other  factors  the  resultant  orientation  force  vector  may  be  altered.  The 
changes  may  be  local,  when  fractional  forces  dominate,  or  general  due  to 
a  greater  influence  of  an  orienting  force  perpendicular  to  the  retina.  Never- 
theless, it  is  clear  that  one  must  test  several  different  sites  in  an  attempt 
to  characterize  which  force  or  forces  defines  orientation.  In  what  follows 
results  will  be  presented  of  recent  studies  of  the  S-C  effect  in  congenital 
colobomas  of  the  pupil  and  retina.  These  conditions  offer  a  means  to  ex- 
amine a  possible  dominance  of  one  orienting  force  over  another.  Anom- 
alous S-C  functions  were  obtained  in  all  cases  studied,  and  the  results 
suggest  that  mechanical  fractional  forces  affect  receptor  orientation  in  the 
retina.  Details  will  appear  in  other  publications. 


Stiles-Crawford  Effect  in  Iris  and  Retinal  Coloboma 

For  some  time  I  have  been  seeking  an  observer  with  a  simple  coloboma 
of  the  iris.  According  to  Duke-Elder, this  condition,  known  as  irido- 
schisma,  occurs  in  the  absence  of  a  coloboma  of  the  retina.  In  Dunnewold's^^ 
observer  there  was  a  typical  coloboma  of  the  uvea;  that  is,  both  retina  and 
iris  were  involved.  This  fact  has  been  overlooked  in  attributing  the  down- 
ward 1.5  mm.  displacement  of  the  peak  of  the  S-C  effect,  measured  at 
fixation,  solely  to  a  corresponding  displacement  of  the  pupil  center  due  to 
coloboma  (i.e.,  phototropism).  The  coloboma  of  the  retina  was  also  directed 
downward  and  in  (nasal)  from  the  inferior  margin  of  the  optic  disk.  Fur- 
thermore, the  S-C  effect  was  not  tested  at  different  sites  to  rule  out  traction 
effects.  Therefore,  we  cannot  be  sure  that  phototropism  is  the  predominant 
force  determining  receptor  alignment  in  this  case. 

An  observer  with  congenital  iridoschisma  in  one  eye  was  located,  and 
the  S-C  effect  measured  extensively.  The  defect  in  the  affected  left  eye  of 
this  47-year-old  white  male  is  total  and  complete— the  whole  thickness  of 
a  sector  of  the  iris  to  the  ciliary  border  is  absent.  This  notch  or  cleft  is 
located  inferior  and  nasal  at  the  7  o'clock  position,  similar  to  Dunnewold's 
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obscvvcv.  riu>  ivtina  ol  the  alfoc  led  cyv  appears  normal  by  ophthalmoscopic 
examination,  the  ocular  media  are  clear,  and  Snellen  visual  acuity  is  20/25. 

Experimental  Methods 

An  increment  threshold  technique  is  used  to  measure  the  S-C  function. 
It  is  a  modification  of  Stiles'  "field  sensitivity"  technique.'^  A  flashing  spot 
subtending  1  deg.  is  seen  superimposed  on  a  5  deg.  background.  The  pupil 
entry  point  of  the  test  spot  is  flxed  near  the  pupil  center,  that  of  the 
background  is  varied  across  the  pupil.  For  each  entry  position  of  the  back- 
ground fleld  the  observer  determines  the  luminance  of  the  test  spot  nec- 
essary for  threshold  disappearance.  Changes  in  the  brightness  of  the 
background  due  to  different  pupil  entry  points  affect  the  threshold  of  the 
test  spot.  Hence,  it  is  necessary  to  determine  in  a  separate  test  the  lumi- 
nance of  the  background  required  to  produce  the  spot  increment  thresholds 
obtained  in  the  S-C  measurement.  Since  Weber's  law  is  valid  under  these 
conditions  (AL/L  =  constant),  logarithmic  changes  in  test  fleld  intensity 
are  equivalent  to  equal  logarithmic  changes  in  the  background.  The  "Weber 
range"  must  therefore  be  determined  for  each  observer  when  using  this 
indirect  method  of  measurement  of  the  S-C  function. 


Results 

Horizontal  and  vertical  S-C  function  determined  at  the  point  of  fixation 
of  the  affected  left  and  normal  right  eyes  are  shown  in  Fig.  7.  Pupil  position 
was  constanfly  monitored  with  an  infrared  imaging  system.  Fixation  was 
excellent  in  both  eyes.  The  horizontal  S-C  functions  of  the  two  eyes  are 
nearly  identical,  and  the  peaks  are  within  1  mm.  of  the  pupil  centers. 
Measurement  of  the  S-C  effect  along  a  vertical  traverse  of  the  pupil  pro- 
duced different  results.  Although  the  S-C  function  of  the  normal,  right  eye 
is  approximately  centered,  that  of  the  affected  left  eye  is  outside  the  pupil, 
esflmated  4  to  5  mm.  superior  to  the  center.  Fig.  8  depicts  results  of  mea- 
surements at  test  fleld  locations  ranging  from  2.25  deg.  superior  to  7.0  deg. 
inferior  in  the  visual  fleld.  The  S-C  functions  at  these  locations  are  virtually 
idenflcal  to  that  obtained  at  flxation.  Similar  results  were  obtained  at  a 
number  of  addiflonal  sites  in  the  central  retina.  Clearly,  these  functions  do 
not  peak  about  the  center  of  the  anomalous  pupil.  Instead,  the  inferred 
alignment  of  receptors  is  toward  a  point  located  somewhere  beyond  the 
superior  pupil  margin,  opposite  the  direction  of  the  downwardly  displaced 
pupil  center.  There  is  a  suggestion  from  these  results  of  a  dominant  trac- 
flonal  or  mechanical  force  drawing  receptor  alignment  beyond  the  pupil 
boundary.  However,  lack  of  differential  expression  at  the  different  retinal 
sites  tested  precludes  definition  of  the  presumed  force's  characteristics. 
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In  view  of  the  possibility  of  a  mechanical  traction  force  influencing 
receptor  orientation  in  coloboma,  additional  observers  were  sought.  As 
part  of  this  study  it  was  decided  to  also  investigate  individuals  with  a 
coloboma  of  the  retina  but  without  pupillary  involvement.  Dr.  Karen  Walker- 
Brandreth  of  the  UC  Berkeley  School  of  Optometry  suggested  study  of  the 
S-C  effect  in  individuals  with  Fuch's  coloboma.  Fuch's  coloboma  is  a  con- 
genital anomaly  of  the  retina  associated  with  tilting  (dysversion)  of  the 
optic  nerve  head.  There  is  also  typically  a  thinning  (ectasia)  of  the  retina 
inferior  to  the  optic  disc.  Riise^^  considers  Fuch's  coloboma  to  be  an  in- 
complete coloboma  of  the  retina.  The  iris  is  normal.  This  condition  has 
also  been  studied  by  another  contributor  to  this  symposium. 

Francois^"  believes  that  all  coloboma  defects  represent  the  same  fun- 
damental lesion,  originating  from  the  same  genotypic  factor  but  varying 
in  penetrance  and  expressivity.  Of  additional  interest  is  a  note  published 
by  Kommerrelpi  who  points  out  that  the  optic  disc  dysversion  of  Fuch's 
coloboma  could  cause  a  tilting  of  cones,  altering  the  S-C  effect  and  perhaps 
also  reducing  visual  acuity.  To  date,  three  observers  with  Fuch's  coloboma 
have  been  studied  and  the  results  are  presented  in  the  next  section.  In  all 
cases  disruption  of  photoreceptor  alignment  is  apparent:  marked  reduction 
(flattening)  of  the  S-C  effect  and  displacement  of  the  peak  of  the  S-C  func- 
tion beyond  the  pupil  boundary. 

Figs.  9  and  10  are  horizontal  and  vertical  S-C  effect  functions  of  a 
Fuch's  coloboma  observer,  an  18-year  old  white  female  with  Snellen  20/40 
visual  acuity  and  excellent  fixation  in  the  measured  left  eye.  Clearly,  both 
S-C  functions  are  quite  flat.  A  flattened  S-C  function  could  result'  from 
either  an  increase  in  the  acceptance  angle  of  receptors  or  splaying  of  their 
alignment.  The  selective  adaptation  technique"  was  used  to  decide  between 
these  two  possibilities.  This  testing  situation  revealed  an  apparent  splaying. 

The  results  of  conventional  S-C  function  measurements  at  other  retinal 
locations  are  compared  with  those  obtained  at  fixation  in  Fig.  11.  Horizontal 
functions  remain  flat  as  the  test  site  moves  toward  the  optic  disc  (temporal 
visual  field)  and  steepen  somewhat  beyond  5  deg.  in  the  nasal  field.  The 
vertical  S-C  functions  are  more  variable.  Changes  in  both  shape  and  peak 
location  are  evident,  and  the  functions  steepen  as  the  test  location  is  moved 
away  from  the  optic  disc  and  ectasia  region.  Clearly,  the  forces  influencing 
receptor  alignment  are  complex  in  this  eye.  There  is  no  indication  of  a 
limited  site  of  origin.  Perimetric  testing  (Goldmann  1 3e)  of  this  eye  revealed 
a  relative  scotoma  in  the  superior  temporal  visual  field.  It  could  be  elimi- 
nated by  adding  a  -4.0  diopter  lens  to  the  observer's  spectacle  correction, 
resulting  in  the  now  overcorrected,  surrounding  "normal"  visual  field  be- 
coming scotomatous.  The  location  of  this  refractive  scotoma  corresponded 
to  the  central  region  of  the  retinal  ectasia  (inferior  to  the  optic  disc).  These 
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Position  in  Entrance  Pupil  (mm) 

S-C  effect  data  obtained  for  vertical  traverses  across  a  pupil  with  a  coloboma  at  different 
visual  field  locations.  Testing  extended  into  the  notched  area  of  the  pupil  inferior  to 
center.  The  functions  are  displaced  vertically  for  clarity  of  presentation. 
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Fig  9.  Stiles-Crawford  data  obtairied  for  a  horizontal  traverse  covering  approximately  6  mm. 
across  the  pupil  of  an  observer  with  Fuch's  coloboma.  Testing  was  at  the  point  of 
fixation.  The  rho  value  indicates  the  relative  steepness  or  flatness  of  the  function. 
Normally  it  is  about  0.05.  The  lower  the  value  the  flatter  the  function.  The  vertical  bars 
represent  the  range  of  1  standard  deviation. 
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Fig  10.    Same  as  in  Fig.  9  except  a  vertical  traverse  across  the  pupil. 
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findings  indicated  a  more  myopic  (extended)  position  of  the  ectasia  area 
relative  to  the  surrounding  retina. 

Fig.  12  depicts  similar  results,  though  not  as  extensive,  in  another 
Fuch's  coloboma  observer,  a  38-year  old  black  female  with  Snellen  20/30 
visual  acuity  and  a  relative  scotoma  extending  in  a  direction  superior  and 
temporal  from  the  blind  spot  (inferior  and  nasal  from  the  optic  disc).  At 
fixation  the  vertical  S-C  function  is  flat.  The  horizontal  measurements  in- 
dicate that  the  S-C  function  peaks  outside  the  pupil.  Both  functions  are 
flat  at  the  temporal  field  location  nearest  the  optic  disc  and  ectasia.  The 
vertical  function  steepens  as  the  test  location  is  moved  into  the  nasal  visual 
field  beyond  fixation  but  the  horizontal  funchon  remains  grossly  displaced 
nasalw^ard  in  the  pupil.  Again,  the  forces  influencing  alignment  are  complex 
in  this  eye. 

Results  of  S-C  effect  measurements  in  a  third  observer  with  Fuch's 
coloboma  at  a  number  of  different  retinal  locations  are  shown  in  Fig.  13. 
This  individual  is  a  21-year  old  white  male  with  Snellen  20/25  visual  acuity 
in  the  affected  right  eye.  The  horizontal  S-C  function  obtained  at  fixation 
appears  essentially  normal;  the  peak  of  the  vertical  function  is  displaced 
outside  the  pupil  in  the  inferior  direction.  At  test  locations  beyond  fixation 
in  the  nasal  visual  field  the  verfical  functions  shifts  back  toward  the  pupil 
center,  while  at  test  sites  in  the  opposite  direction  it  moves  farther  beyond 
the  inferior  pupil  margin.  There  is  a  graded  shift  of  the  peak  of  the  vertical 
S-C  function  in  an  inferior  direction  as  the  test  site  is  moved  toward  the 
location  of  the  ectasia.  Except  for  the  5.25  deg  superior  and  temporal  visual 
field  location  the  horizontal  S-C  function  remained  centered  in  the  pupil. 
These  results  suggest  a  more  limited  site  of  origin  of  a  mechanical  traction 
force,  acting  in  the  direction  of  the  retinal  ectasia. 

Discussion  and  Conclusions 

Receptor  alignment  was  found  to  be  disturbed  in  all  eyes  with  colo- 
boma in  this  study.  Although  phototropism  usually  is  the  dominant  force 
considered  to  influence  overall  receptor  alignment,  clearly  it  is  not  in  these 
coloboma  defects.  This  is  not  to  say  that  a  phototropic  alignment  mecha- 
nism is  completely  non-functional.  However,  the  results  suggest  some 
other  retinal  components — a  variety  of  fractional  effects — are  influencing 
the  results  obtained.  These  effects  are  not  visible  by  ophthalmoscopy,  par- 
ticularly in  the  case  of  iris  coloboma.  Surprisingly,  the  peak  of  the  S-C 
effect  function  was  displaced  opposite  to  the  direction  expected  from  the 
action  of  a  phototropic  alignment  mechanism.  This  mechanism  would  serve 
to  orient  the  receptors  more  toward  the  location  of  the  notch  in  the  pupil. 
Phototropism,  although  possibly  still  active,  appears  to  be  dominated  by 
a  mechanical  traction  force.  The  nature  of  this  force  is  not  clear  due  to  lack 
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Fig  12.    A  summary  of  S-C  effect  data  like  that  presented  in  Fig  11  but  obtained  from  an 
additional  observer  with  Fuch's  coloboma. 
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of  differential  effects  on  Iho  S-C  function  at  different  retinal  test  sites.  There 
may  be  an  anomaly  of  the  morphology  of  the  central  retina  resulting  in  a 
local  flattening  or  tilting,  causing  receptors  to  be  aligned  outside  the  pupil. 
The  close  packing  of  receptors  in  this  region  would  presumably  not  allow 
a  phototropic  force  component  to  compensate  for  the  misalignment.  To 
date,  we  have  not  fit  an  artificial  pupil  contact  lens  to  check  for  an  active 
alignment  mechanism^"  ^'  or  conducted  further  studies  at  additional  retinal 
sites  to  rule  out  phototropic  function. 

The  suggestion  of  mechanical  traction  forces  due  to  ectasia  and  mal- 
insertion  of  the  optic  nerve  in  Fuch's  coloboma  led  to  a  study  of  the  S-C 
effect  in  this  condition.  Evidence  of  traction  expressed  in  a  variety  of  forms 
influenced  alignment  in  all  observers.  In  one  observer  splaying  of  receptor 
alignment  was  apparent  from  selective  adaptation  testing.  Conceivably, 
this  is  the  result  of  the  effect  of  force  vectors  with  different  directions  of 
action  dispersing  receptor  alignment. Testing  at  other  sites  revealed  gross 
tilting  of  receptors,  attributed  to  a  limited  origin  or  a  complex  set  of  trac- 
tional  effects.  Mechanisms  influencing  alignment  are  apparently  somewhat 
functional  at  some  sites  but  it  is  not  clear  whether  they  are  totally  normal. 
Clearly,  however,  phototropism  is  not  fully  effective  in  compensating  for 
the  influence  of  other  alignment  forces. 

Perhaps  a  general  characteristic  of  coloboma  is  an  anomaly  of  the 
prenatal  set-up  mechanism  subserving  receptor  alignment.  The  common- 
ality of  coloboma  defects  has  been  pointed  out.^"  If  phototropism  is  pre- 
cluded from  functioning,  traction  associated  with  the  condition  dominates. 
The  presence  of  a  retinal  coloboma  in  Dunne  wold' s^^  case  of  iris  coloboma 
means  traction  cannot  be  ruled  out  as  an  influence  on  alignment.  Fur- 
thermore, the  results  of  this  study  serve  to  underscore  the  fact  that  one 
measure  of  the  S-C  effect  does  not  allow  a  complete  analysis  of  mechanisms 
defining  orientation.  Additional  measures  aid  in  characterizing  the  path- 
ophysiology of  the  condition  under  study.  This  is  the  essence  of  diagnosis. 
The  Stiles-  Crawford  effect  is  a  useful  tool  for  evaluating  underlying  path- 
ophysiological effects  influencing  receptor  alignment. 
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ABSTRACT.  This  paper  briefly  reviews  the  evidence  for  photoreceptor 
directionality,  the  use  of  the  Stiles-Crawford  effect  (SCE)  in  the  assessment 
of  human  photoreceptor  directionality,  our  current  understanding  of  hu- 
man photoreceptor  directionality,  and  the  use  of  the  SCE  in  monitoring, 
detecting  and  predicting  impending  retinal  disease.  Using  these  brief  re- 
views as  a  backdrop,  the  paper  introduces  the  problem  of  interpreting  the 
SCE  in  the  presence  of  cataracts,  presents  a  new  model  of  SCE  behavior 
in  the  presence  of  cataracts,  and  uses  the  model  to  predict  the  density, 
location  and  spread  of  the  cataract  as  well  as  the  directional  properties  of 
the  photoreceptor  under  test.  Two  future  studies  are  proposed  and  the 
limitations  of  the  new  analysis  technique  are  discussed. 
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THE  STILES-CRAWFORD  EFFECT  IN  RETINAL 
DISEASE:  INTERPRETATION  IN  THE 
PRESENCE  OF  CATARACT 


Photoreceptor  Directionality 

Photoreceptors  have  several  cellular  and  group  structural  properties 
which  cause  them  to  be  directionally  sensitive  to  light.  At  the  cellular  level 
these  include:  Photopigment  molecules  within  the  receptor  which  are  aligned 
to  optimize  photon  capture  along  the  long  axes  of  the  cell;^  cell  walls 
configured  such  that  the  cross  sectional  diameter  of  the  photoreceptor  is 
small  (approximately  2  microns  for  foveal  cones)  compared  to  its  length 
(approximately  60  microns);^  and,  a  refractive  index  difference  across  the 
cell  wall  such  that  the  cell's  internal  refractive  index  is  greater  than  the 
refractive  index  of  the  external  supporting  matrix. ^  ^  These  cellular  attributes 
combine  to  make  each  photoreceptor  a  small  waveguide  which  funnels 
light  down  its  long  axis  until  it  is  either  absorbed  or  passes  into  the  pigment 
epithelium.  As  a  group,  photoreceptors  across  the  retina  align  their  long 
axes  toward  the  center  of  the  eye's  exit  pupil. ^  Together  these  cellular  and 
group  structural  properties  serve  to  emphasize  relevant  visual  information 
(light  entering  through  the  eye's  pupil)  and  minimize  the  influence  of  stray 
light. 


Noninvasive  Assessment  of  Photoreceptor  Directionality 

Properties  of  human  photoreceptor  alignment  can  be  investigated  non- 
invasively  by  measuring  the  Stiles-Crawford  effect  (SCE),  a  psychophysical 
determination  of  the  relative  efficiency  of  light  in  eliciting  a  visual  response 
as  a  function  of  pupil  entry. ^  Typically  SCEs  are  graphically  displayed  by 
plotting  log  relative  sensitivity  (LRS)  as  a  function  of  pupil  entry  (solid  dots 
in  Figure  1)  for  both  a  horizontal  (panel  A)  and  a  vertical  (panel  B)  pupil 
traverse.  Because  the  SCE  is  in  part  attributable  to  specialized  organization 
of  receptor  alignment  and  structure,  the  SCE  can  be  used  to  infer  both  the 
principal  orientational  properties  (peak  of  the  SCE)  and  directionality  (width 
of  the  effect)  of  the  population  of  photoreceptors  under  test.'^-i" 
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In  practice,  a  best  fit  parabolic  curve  (smooth  curves  Figure  1)  is  used 
to  characterize  each  SCE  data  set.  This  best  fit  curve  is  termed  the  Stiles- 
Crawford  function  (SCF)  and  it  is  the  calculated  coefficients  of  the  SCF  that 
serve  to  define  objectively  the  principal  alignment  tendencies  (SCF  peak 
location)  and  distributive  properties  (SCF  rho  value)  of  the  population  of 
photoreceptors  under  test  (Figure  1  insets). 

Current  Understanding  of  Human  Photoreceptor  Directionality  and  the 
Use  of  the  SCE  in  Monitoring,  Detecting,  and  Predicting  Impending  Ret- 
inal Disease 

Previous  studies  indicate  that  the  basic  pattern  of  receptor  ahgnment 
is  present  at  birth/  stable  over  time,"  recovers  after  normaP^  ^nd  patho- 
logical stresses  (also  see  below),  is  actively  influenced  by  changes  in  the 
position  of  the  pupillary  aperture^^^is  ^^d  is  not  influenced  by  prolonged 
(6  days)  total  occlusion. ^^  ^s  Combined,  these  studies  suggest  that  receptor 
alignment  is  genetically  programmed  and  actively  maintained  postnatally 
by  a  positive  phototropic  mechanism  which  is  not  disrupted  by  prolonged 
periods  of  total  occlusion. 

Together  these  factors  combine  to  make  the  SCE  an  excellent  tool  for 
monitoring  the  local  integrity  of  the  photoreceptors  in  cases  of  retinal  pa- 
thology. This  potential  has  not  gone  unnoticed.  Fankhauser  et  al  were  the 
first  to  document  alterations  in  the  SCE  associated  with  retinal  pathology. 
Of  particular  importance  in  this  study  was  the  indication  of  a  possible 
recovery  of  the  SCE  in  a  case  of  retinal  degeneration  treated  with  photo- 
coagulation. 

Definite  recovery  and/or  progressive  alteration  of  the  SCE  has  been 
recorded  in  cases  of  retinal  detachment, ^o  ^i  subretinal  fluid  accumulation,  ^3 
acute  posterior  multifocal  placoid  pigment  epitheliopathy,22  central  serous 
choroidopathy, 23  24  macular  degeneration,  24  25  fibrovascular  scar, 24  choroidal 
atrophy, 26  presumed  histoplasmosis, 24  retinitis  pigmentosa,27  choroidere- 
mia,24  and  vitelUruptive  macular  dystrophy. 24  Further,  in  healed 
pathology2i'28,29  ^nd  healed  traumatic  injury^^  the  SCF  peak  location  has 
been  observed  to  be  stable  over  time  albeit  displaced  from  the  normal 
central  location. 

While  the  SCE  has  been  used  to  monitor  receptor  involvement  in  the 
natural  history  of  various  active  retinal  pathologies,  it  has  received  little 
attention  as  a  tool  for  the  early  detection  and/or  prediction  of  impending 
retinal  disease.  There  are  two  principal  reasons  for  this  neglect.  First,  SCE 
measurement  techniques  are  time  consuming;  and  second,  the  measure- 
ment is  extremely  local.  Thus,  even  for  the  faster  SCE  measurement 
techniquesi53o  unless  the  retinal  location  of  interest  is  known,  sampling 
multiple  retinal  locations  in  an  effort  to  detect  or  predict  impending  receptor 
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involvement  in  pathology  is  neither  time  nor  cost  effective  in  a  clinical 
environment. 

Hou'ever,  if  the  most  likely  retinal  site  of  the  pathology  is  known, 
then  the  SCE  measurement  may  be  a  cost  effective  clinical  tool.  While  a 
priori  know^ledge  of  the  retinal  site  of  the  pathology  may  seem  to  be  an 
unusually  restrictive  criterion,  it  is  often  easily  met  in  many  at  risk  patient 
populations. 

One  such  patient  population  of  particular  interest  consists  of  patients 
over  the  age  of  50  with  macular  drusen.  These  patients  are  not  only  known 
to  be  at  risk  for  developing  age  related  maculopathy  (ARM),^i^^  particularly 
if  one  eye  is  already  affected,^"*  but  the  site  of  retinal  involvement  (the 
macula)  is  specified.  Given  that  ARM  is  the  leading  cause  of  blindness  over 
the  age  of  SO,^^^^  development  of  tests  capable  of  early  identification  of 
which  individuals  will,  or  will  not,  go  on  to  develop  some  form  of  exudative 
maculopathy  are  important  not  only  for  understanding  the  disease  process 
but  for  initiating  and  monitoring  therapy  designed  to  alter  the  natural 
course  of  the  disease. 

As  mentioned  above,  results  using  the  SCE  as  a  monitoring  tool  to 
follow  receptor  involvement  in  patients  diagnosed  as  having  ARM  are 
encouraging. 24'25  This  point  is  illustrated  in  Figure  2  which  details  previously 
unreported  data  for  a  53  year  old  white  female  ARM  patient  with  binocular 
drusen  and  a  small  pigment  epithelial  detachment  in  one  eye  and  good 
visual  acuity  (20/25  exudative  eye,  20/20  non-exudative  eye).  While  these 
findings  are  encouraging,  the  interpretation  of  SCE  measurements  made 
in  other  at  risk  patients  in  this  age  group  revealed  a  serious  complicating 
factor — the  presence  of  cataracts.  While  cataracts  manifested  themselves 
as  an  obvious  defect  in  the  SCE  in  some  patients  (focal  dense  cataract)  in 
others  the  effect  on  the  SCE  was  large  and  often  well  concealed  (senile 
cataract). 

The  Problem  of  Cataracts 

While  cataracts  can  manifest  themselves  in  a  myriad  of  ways.  Figure 
3  illustrates  how  even  a  simple  well-behaved  cataract  can  markedly  influ- 
ence the  psychophysical^  measured  SCE  without  markedly  influencing  its 
parabolic  nature.  Panel  A  of  Figure  3  illustrates  an  idealized  SCE  in  the 
absence  of  any  cataract  (i.e.  the  calculated  SCF  and  the  measured  effect 
are  identical).  The  peak  of  the  function  is  centered  (SCF  peak  location  = 
-b/2a  -  0)  and  the  spread  or  rho  value  is  0.05  (rho  =  -a  =  0.05).  Panel 
B  models  the  loss  in  log  sensitivity  induced  by  a  series  of  cataracts  of 
increasing  severity  assuming  the  density  characteristics  of  the  cataract  within 
the  pupil  varies  in  a  Gaussian  manner.  In  this  model  of  cataract  behavior, 
the  coefficient  'A'  reflects  the  maximum  density  of  the  cataract,  'd'  the 
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locdtion  of  iiiaxinuim  aUciriUi  density  and  'cr'  the  spread  of  the  density 
ellects  ot  tlie  cataract  along  the  pupil  meridian  of  interest.  In  the  series  of 
cataract  effects  modeled  in  panel  B,  maximum  density  (A)  of  the  cataract 
varies  from  0  (no  cataract)  to  0.4  in  steps  of  0. 1  for  each  successive  curve, 
the  pupil  location  of  maximum  density  (d  =  0)  is  fixed  centrally  (pupil 
entry  0),  and  the  spread  (standard  deviation)  of  the  density  effects  ((r)  is 
fixed  at  2.0.  Panel  C  illustrates  the  expected  log  relative  sensitivity  of  the 
measured  cataract-contaminated  SCE  for  cataract  densities  0  (no  cataract, 
top  curve)  to  0.4  (bottom  curve)  as  a  function  of  pupil  entry  assuming 
simple  summation  of  the  two  components  (the  underlying  directional  prop- 
erties of  the  receptor  reflected  in  the  SCE,  panel  A,  and  the  loss  in  log 
sensitivity  resulting  from  the  density  characteristics  of  the  cataract,  panel 
B).  Notice  the  large  effect  even  a  mild  cataract  (.1  to  .4)  is  predicted  to  have 
on  the  measured  SCE  (regular  sunglasses  have  a  uniform  density  of  1.0  - 
2.0). 

To  understand  the  potential  error  induced  by  analyzing  a  SCE  data 
set  contaminated  by  the  presence  of  a  cataract,  consider  how  a  cataract- 
contaminated  SCE  would  be  interpreted  using  the  traditional  analysis  pro- 
cedures. For  illustrative  purposes,  assume  the  SCE  seen  in  Figure  3  panel 
A  is  measured  at  7  pupil  entries  (1  mm  intervals  over  a  range  ±  3  mm  from 
the  SCF  peak)  in  the  presence  of  the  0.4  density  cataract  modeled  in  Panel 
B  of  Figure  3.  The  anticipated  cataract-contaminated  SCE  data  set  would 
consist  of  7  data  points  taken  at  1  mm  intervals  from  the  bottom  curve  of 
Figure  3  panel  C.  This  data  set  is  illustrated  in  Figure  4  as  solid  dots.  Fitting 
this  cataract-contaminated  SCE  data  set  with  the  traditional  parabolic  func- 
tion (smooth  curve)  would  lead  to  the  conclusion  that  there  is  little  if  any 
receptor  directionality  in  this  eye  (rho  =  0.009). 

A  Potential  Solution  to  the  Cataract  Problem 

To  solve  this  misinterpretation  problem,  Applegate  and  Massof  have 
proposed  fitting  the  cataract-contaminated  SCE  data  set  with  the  new  model 
of  SCF  behavior  presented  in  Figure  3  Panel  C  using  a  reiterative  least 
squares  analysis. ^«  The  coefficients  of  the  new  model  describing  the  best 
fitting  function  would  in  turn  be  used  as  estimates  of  the  density  (A), 
location  (d)  and  spread  (a)  of  the  cataract  as  well  as  the  principal  alignment 
tendencies  (-b/2a)  and  distributive  properties  (-a)  of  the  receptors  under 
test.  The  model  assumes  the  parabolic  nature  of  the  underlying  retinal 
directionality  remains  in  the  presence  of  a  cataract  and  that  the  loss  of  log 
sensitivity  as  a  function  of  pupil  entry  resulting  from  the  influence  of  a 
cataract  is  additive  and  can  be  represented  by  a  negative  Gaussian. 
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Figure  4.  Traditional  parabolic  analysis  of  a  cataract-contaminated  SCE  data  set  leads  to 
erroneous  estimates  of  inferred  receptor  directional  properties. 
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Does  the  Model  Work? 

Example  1 .  Figure  5  graphically  displays  a  cataract-contaminated  SCE 
(solid  dots)  in  a  senior  citizen  having  drusen,  20/20  acuity  and  mild  diffuse 
cataract  (lens  yellowing).  Panel  A  illustrates  the  model's  best  fitting  curve 
to  the  underlying  cataract-contaminated  SCE  data  set.  Panels  B  and  C  break 
the  best  fitting  function  into  its  two  components — the  influence  of  the 
cataract  on  log  sensitivity  (Panel  B)  and  receptor  directional  properties 
(Panel  C).  Panel  B  details  the  model's  estimates  for  the  cataract's  maximum 
density  (A  =  0.47),  the  location  of  maximum  density  (d  =  0.05),  and  the 
spread  of  the  density  across  the  pupil  (a  =  1.70).  The  solid  curve  illustrates 
the  cataract-induced  loss  in  log  sensitivity  as  a  function  of  pupil  entry. 
Panel  C  details  the  model's  estimates  of  the  underlying  receptor  directional 
properties  in  the  presence  of  the  cataract  (solid  curve — parameters  listed 
to  the  right)  and  the  traditional  parabolic  analysis  which  ignores  the  pres- 
ence of  the  cataract  (dashed  curve — parameters  listed  to  the  left).  Notice 
that  while  the  SCF  peak  location  remains  essentially  constant  between  the 
traditional  parabolic  analysis  and  the  parabolic  portion  of  the  new  model, 
the  rho  value  is  estimated  to  be  greater  by  a  factor  of  2  (0.043  to  0.087) 
using  the  new  model. 

Example  2.  An  obvious  cataract  effect  can  be  seen  in  SCE  measured  in 
individuals  having  dense  localized  cataracts.  Figure  6  illustrates  the  SCE 
(solid  dots)  for  both  a  horizontal  (Panel  A)  and  vertical  (Panel  B)  pupil 
traverse  of  a  retinitis  pigmentosa  patient  having  a  relatively  dense  posterior 
subcapsular  cataract.  As  anticipated,  these  cataract-contaminated  SCE  data 
sets  are  not  well  represented  by  a  simple  parabolic  analysis  (solid  curves). 
Figures  7  and  8  (Panel  A)  graphically  displays  the  effect  of  applying  the 
new  two  component  model  of  SCE  behavior  to  both  the  horizontal  (Figure 
7)  and  vertical  (Figure  8)  cataract-contaminated  SCE  data  sets.  Panel  B  and 
C,  in  these  Figures  show  the  two  components  of  the  model  individually — 
Panel  B,  the  negative  Gaussian  representing  the  loss  in  log  sensitivity 
resulting  from  the  estimated  density  effects  of  the  cataract  and  Panel  C  the 
parabola  representing  the  orientational  properties  of  the  receptors. 

While  the  new  model  impressively  reflects  the  detail  of  the  cataract- 
contaminated  SCE  data  set  and  is  therefore  an  encouraging  analysis  tech- 
nique, the  improvement  in  fit  over  the  traditional  parabolic  analysis  is  not 
particularly  surprising.  The  new  model  is  a  more  complex  model  with  more 
free  parameters  and  should  a  priori  better  fit  the  underlying  data  set.  The 
test  of  the  new  model  is  not  only  how  well  the  cataract-contaminated  SCE 
data  set  is  fit  by  the  model,  but  whether  or  not  the  two  components  of  the 
model  reflect  the  true  underlying  effects  of  cataract  and  the  receptor  di- 
rectional properties  on  the  cataract-contaminated  SCE.  These  questions  are 
yet  to  be  answered. 
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Future  Studies 

Vo  evalucito  whether  or  not  the  proposed  model  of  SCE  behavior  in 
the  presence  of  cataracts  reflects  the  underlying  influence  of  both  the  cat- 
aract and  receptor  directional  properties,  two  different  experiments  will  be 
performed.  In  the  first  experiment,  measurement  will  be  made  of  the  SCE 
both  before  and  after  cataract  removal  and  intraocular  lens  (lOL)  implan- 
tation. Assuming  the  surgery  per  se  has  little  or  no  influence  on  receptor 
directional  properties,  the  parabolic  portion  of  the  modeled  SCE  behavior 
in  the  presence  of  cataract  will  be  compared  to  the  traditional  parabolic 
analysis  made  in  the  absence  of  cataract  (lOL)  to  determine  how  well  the 
model  predicts  the  underlying  receptor  directional  properties. 

In  the  second  experiment  (suggested  by  Joel  Pokorny),  measurement 
will  be  made  of  both  photopic  and  scotopic  SCEs  in  the  presence  of  cataract 
in  the  same  individual.  Since  the  scotopic  SCE  is  essentially  flat,  measure- 
ment of  the  scotopic  SCE  in  the  presence  of  cataract  should  reflect  the 
density  characteristics  of  the  cataract  as  a  loss  in  log  sensitivity  correspond- 
ing to  the  density,  location  and  spread  of  the  cataract.  These  characteristics 
will  be  compared  to  the  modeled  cataract  effects  obtained  during  photopic 
measurements  to  see  how  well  the  model  predicts  the  underlying  density 
characteristics  of  the  cataract. 

Limitations  and  Conclusion 

It  is  important  to  emphasize  that  the  new  model  of  SCE  behavior  in 
the  presence  of  cataracts  assumes  the  underlying  directional  properties  of 
the  photoreceptor  reflected  in  the  SCE  are  well  modeled  by  a  parabola  and 
the  loss  in  log  sensitivity  resulting  from  the  density  effects  of  a  cataract  are 
well  modeled  by  a  negative  Gaussian.  The  parabolic  assumption  is  well 
grounded  in  a  long  history  of  experimental  observations.  There  are  few 
data  against  which  to  test  the  assumption  of  a  Gaussian  density  profile  for 
characterizing  cataracts.  Further,  even  if  simple  cataracts  are  well  modeled 
using  the  Gaussian  assumption,  not  all  cataracts  are  simple  or  well  behaved. 
Some  have  multiple  areas  of  high  density  and  cannot  be  well  modeled  with 
a  simple  Gaussian.  Even  if  the  negative  gaussian  is  a  good  model  of  the 
loss  in  log  sensitivity  resulting  from  a  simple  cataract,  at  this  point  in  our 
investigations  it  is  not  clear  what  percentage  of  the  vast  variety  of  cataracts 
can  be  modeled  using  the  Gaussian  assumptions,  and  what  errors  will  be 
induced  if  the  Gaussian  assumption  is  apphed  to  irregular  cataracts.  Never- 
theless, it  is  clear  that  the  effects  of  cataracts  on  the  measured  SCE  can  be 
large  and  well  hidden,  and  while  the  proposed  model  may  have  limitations, 
it  is  a  significant  step  toward  specifying  and  solving  the  problems  of  in- 
terpreting the  SCE  measured  in  the  presence  of  cataracts. 
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ABSTRACT.  The  use  of  colored  backgrounds  and  test  targets,  designed 
to  isolate  particular  receptor  types,  has  found  broad  application  in  both 
clinical  and  normal  study  populations.  Such  techniques  allow  selective 
adaptation  of  visual  pathways  (e.g.  chromatic  vs.  achromatic)  or  selective 
isolation  of  one  receptor  type  in  the  detection  of  test  targets.  My  colleagues 
and  I  have  applied  the  chromatic  isolation  approach  with  two  different 
clinical  populations  (diabetics  and  patients  with  glaucoma).  These  ap- 
proaches have  yielded  new  information  about  the  vulnerable  sites  in  the 
retina  and  visual  pathways  early  in  the  natural  history  of  each  of  these 
diseases. 

Diabetes  and  glaucoma  are  blinding  diseases  which  together  account 
for  a  significant  percentage  of  all  blindness,  particularly  after  age  sixty. 
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Each  am  be  treated  with  some  success  in  the  early  stages  and  blindness 
can  either  be  delayed  or  avoided.  However  significant  loss  of  vision  can 
occur  prior  to  loss  of  visual  acuity  or  visual  fields. 

Our  studies  reveal  a  selective  loss  of  sensitivity  for  light  detected  by 
S  (blue-sensitive)  cones  quite  early  in  the  natural  history  of  the  diseases. 
At  least  some  pre-  and  post-receptoral  sensitivity  loss  is  involved  with 
diabetes  and  the  presence  of  macular  edema  invariably  is  associated  with 
marked  S  cone  sensitivity  losses.  In  glaucoma  the  site  of  large  losses  of 
sensitivity  in  the  S  cone  pathways  may  be  quite  different;  it  is  most  likely 
a  direct  or  indirect  result  of  pressure  on  the  axons  as  they  pass  through 
the  lamina  cribrosa  of  the  optic  nervehead.  A  number  of  our  studies,  as 
well  as  those  of  others,  have  now  documented  that  there  can  be  large  S 
cone  sensitivity  losses,  even  in  the  absence  of  a  visual  acuity  change,  in  a 
variety  of  retinal  vascular,  degenerative,  as  well  as  inner  retina  and  optic 
nerve  disorders. 
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NON-INVASIVE  DISSECTION'  OF  EARLY 
STAGES  OF  EYE  DISEASE  USING  COLOR 

Historical  perspective 

Anomalies  or  pathologies  of  the  visual  system  have,  historically,  pro- 
vided the  researcher  a  form  of  non-invasive  dissection  of  the  physiology 
and  function  of  the  normal  visual  system.  Conversely,  techniques  designed 
to  identify  the  sites  of  visual  processing  have  been  most  useful  when 
applied  to  abnormal  pathological  conditions;  such  approaches  can  provide 
the  clinician  with  important  diagnostic,  prognostic,  and  management  in- 
formation (e.g.  monitoring  the  efficacy  of  some  new  therapy). 

The  use  of  color  and  the  measurement  of  color  discrimination  has  been 
an  important  approach  in  both  of  these  aspects.  The  study  of  dichromats, 
individuals  whose  cone  photopigment  complement  is  reduced  from  three 
to  two,  has  played  a  central  role  in  the  understanding  of  normal  color 
vision.  In  the  early  1960s  the  eyes  of  these  individuals  provided  the  first 
direct  measurements  of  the  kinetics  and  spectral  sensitivity  of  cone  pho- 
topigments  in  the  human  eye.^'^  Now  approaches  in  molecular  genetics 
have  identified  not  only  the  chromosomal  location  but  the  nucleotide  se- 
quence of  each  of  the  genes  encoding  each  of  the  human  photopigment. 

Both  color  discrimination  data  and  data  involving  use  of  colored  stim- 
uli, where  color  discrimination  is  not  required  or  central  to  the  task,  have 
been  used  in  the  study  of  clinical  variations  of  visual  perception  and  visual 
pathway  function.  Perhaps  the  oldest  use  of  color  to  clearly  differentiate 
receptor  function  is  found  in  the  measurements  of  dark  adaptation:  small 
red  targets  can  be  used  to  isolate  cone  function,  while  large  blue-green 
targets,  focused  onto  peripheral  retina,  are  used  to  identify  rod  function. 
Clinicians  have  long  used  this  to  establish  normal  function  of  the  rod  and 
cone  receptors  in  suspected  eye  disease,  and  researchers  have  used  it  to 
ensure  testing  of  a  particular  class  of  receptors. 

The  use  of  colored  backgrounds  and  test  targets,  designed  to  isolate 
particular  receptor  types,  has  found  broad  application  in  both  clinical  and 
normal  study  populations. ^  Such  techniques  allow  selective  adaptation  of 
certain  visual  pathways  (e.g.  chromatic  vs.  achromatic)  or  selective  isolation 
of  one  receptor  type  in  the  detection  of  test  targets. 
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Application  to  two  common  disorders:  rationale 

In  this  papor  1  show  how  my  colleagues  and  1  have  applied  the  chro- 
matic isolation  approach  with  two  different  clinical  populations  (diabetics 
and  patients  with  glaucoma).  These  approaches  have  yielded  new  infor- 
mation about  the  vulnerable  sites  in  the  retina  and  visual  pathways  early 
in  the  natural  history  of  each  of  these  diseases. 

Need  for  early  detection 

The  traditional  measures  of  vision  function  (visual  acuity,  visual  fields) 
are  most  useful  in  the  documentation  of  a  patient's  visual  performance. 
They  often  fail,  however,  to  detect  more  subtle  vision  changes  which  are 
associated  with  early  stages  of  eye  disease.  For  many  ocular  disorders  the 
early  detection  of  the  disorder  can  have  profound  effects  on  the  manage- 
ment and  ultimate  outcome  of  the  disease.  The  two  diseases,  diabetes  and 
glaucoma  (ganglion  cell  axon  death  related  to  raised  intraocular  pressure) 
are  blinding  diseases  which  together  account  for  a  very  significant  per- 
centage of  all  blindness,  particularly  in  the  age  group  between  forty  and 
sixty.  Today,  each  disease  can  be  treated  with  considerable  success  in  the 
early  stages  and  blindness  can  either  be  delayed  or  avoided.  Yet  in  each 
of  these  conditions  significant  loss  of  vision  can  occur  prior  to  loss  of  visual 
acuity  or  visual  fields. 

The  treatment  of  diabetic  retinopathy  has  been  aimed  at  retarding  the 
progress  and  limiting  the  severity  first  of  proliferative  retinopathy^  and, 
more  recently,  the  pre-proliferative  phases. ^  Unfortunately,  retinopathic 
changes  seen  ophthalmoscopically,  and  capillary  damage  shown  by  fluo- 
rescein angiography  may  be  relatively  late  manifestations  of  the  vascular 
complications  which  compromise  the  retina.  Because  of  the  devastating 
effects  that  diabetic  retinopathy  can  have  on  vision,  the  identification  of 
precursors  to  the  breakdown  of  the  blood-retina  barrier  would  be  highly 
desirable.  Sadly,  standard  clinical  measures  of  vision  (e.g.  Snellen  acuity, 
visual  fields)  are  quite  insensitive  in  detecting  vision  change  even  after  the 
onset  of  retinopathy. 

In  glaucoma,  loss  of  nerve  fibers,  clinically  seen  as  a  change  in  color 
or  shape  of  the  optic  nerve  head,  produces  characteristic  visual  field  defects 
in  the  peripheral  retina.  Clinical  testing  conventionally  involves  the  mea- 
surement of  peripheral  visual  fields,  the  examination  of  the  optic  nerve 
head  by  ophthalmoscopy,  and  the  measurement  of  the  intraocular  pressure 
which  is  thought  to  be  related  to  the  axon  death. The  recent  discovery  that 
glaucoma  patientss  with  only  mild  or  moderate  visual  field  defects  may 
have  lost  as  much  as  50%  of  their  ganglion  cell  axons  at  the  optic  nerve 
head^  has  stimulated  interest  in  identification  of  the  earliest  vision  changes 
that  precede  axon  death.  Within  the  last  decade  or  so  a  number  of  laboratory 
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studies  have  indicated  that  relatively  early  in  the  natural  history  of  glau- 
coma there  are  changes  of  some  foveal  vision  functions  including  color 
vision  and  color  increment  thresholds  (eg  Pokorny  et  al,  1979;  Adams  et 
al,  1982)^'^  and  spatial  and  temporal  measures  of  contrast  sensitivity.*^  '^  Yet 
in  glaucoma,  visual  acuity  changes  typically  occur  only  in  the  more  ad- 
vanced stages  of  the  disease! 

Need  for  monitoring  treatment 

For  both  glaucoma  and  diabetes,  medical  and  surgical  therapies  have 
evolved  which  halt  or  retard  progression  of  visual  loss.  The  most  recent 
Early  Treatment  Diabetic  Retinopathy  Study  (ETDRS)  indicates  that  pa- 
tients with  relatively  early  stage  retinopathy  (changes  at  the  back  of  the 
eye)  and  clinically  significant  edema  in  the  central  retina  can  derive  sub- 
stantial benefit  from  laser  photocoagulation  of  selected  parts  of  the  retina. 
This  focal  coagulation  treatment  reduces  the  edema  and  increases  the  chances 
of  improving  visual  acuity. ^  The  same  clinical  trial  is  currently  assessing 
the  effects  of  aspirin  and  systemic  doses  of  aldose  reductase  inhibitors  on 
the  progression  of  diabetic  retinopathy.  Such  trials  involving  patients  with 
very  early  stage  retinal  disease,  and  little  or  no  loss  of  visual  acuity,  des- 
perately need  additional  vision  monitors  of  the  efficacy  of  the  treatment. 

Rationale  for  use  of  colored  stimuli 

Signals  arrive  at  the  ganglion  ceU  layer,  via  the  bipolar  cells  and  lateral 
retinal  interactions  at  the  outer  and  inner  plexiform  layers,  as  a  result  of 
signals  initiated  in  rods  and/or  three  different  cone  types  .  Each  cone  re- 
ceptor contains  one  of  three  different  photopigments  (peak  absoption  at 
430nm,  530nm,  and  561nm).^o  Two  quite  different  types  of  ganglion  cell 
project  to  the  lateral  geniculate;  both  have  roughly  circular  spatially  an- 
tagonistic receptive  fields  with  center  and  surround  organization.  However 
one  group  (P  alpha  cells),  representing  about  10%  of  all  ganglion  cells  and 
an  even  smaller  percentage  of  foveal  ganglion  cells,  has  relatively  larger 
cells  bodies,  axons  and  receptive  fields,  conducts  faster  with  transient  re- 
sponses, has  little  or  no  spectral  opponency  (antagonism),  high  temporal  res- 
olution for  low  spatial  frequencies,  poor  high  spatial  frequency  resolution 
and  projects  to  the  magnocellular  layers  of  the  LGN.  The  other  group  (P 
beta),  representing  the  overwhelming  majority  of  ganglion  cells  and  almost 
the  sole  representatives  of  the  foveal  region  of  the  retina,  has  smaller  cells 
bodies,  axons  and  receptive  fields,  is  slow  conducting  with  sustained  re- 
sponses, has  strong  chromatic  opponency,  good  high  spatial  frequency  res- 
olution and  projects  exclusively  to  the  four  dorsal  parvocellular  layers." 
For  purposes  of  understanding  some  of  the  results  described  for  glaucoma, 
it  should  be  noted  that  this  latter  chromatically  sensitive  group  of  cells  is 
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of  two  classcs:onc,  with  slightly  larger  cells  and  receptive  fields'^  and  con- 
siderably less  antagonistic  center-surround  arrangement,  receives  antag- 
onistic input  from  S  (blue  sensitive)  cones  and  a  combination  of  M  and  L 
(red  and  green  sensitive,  respectively)  cones.  The  other  group  receives 
antagonistic  input  from  M  and  L  cones. 

Colored  backgrounds  and  test  targets  can  be  combined  to  isolate  the 
pathways  whose  signals  are  initiated  in  one  of  three  different  cone  types. 
For  example,  a  bright  yellow  background  selectively  reduces  the  sensitivity 
of  the  medium  (M)  and  long  (L)  wavelength  sensitive  cones  while  leaving 
the  S  cones  unaffected.  Under  such  conditions  a  deep  blue  test  flash  is 
detected  only  by  the  "blue"  cones.  With  sufficiently  intense  yellow  back- 
grounds and  test  flashes  of  sufficiently  short  wavelength,  blue  flash  in- 
tensities of  up  to  lOOx  test  threshold  are  detected  exclusively  by  S  cones. 
Similarly,  intense  magenta  and  blue  backgrounds  can  be  used  to  isolate 
responses  initiated  by  the  M  and  L  cones,  respectively.  In  the  normal  eye 
the  isolation  can  be  achieved  over  at  least  a  limited  portion  of  the  spectrum 
for  each  of  the  cone  types  (shaded  areas  in  Figure  1). 

It  is  now  clear  that  many  retinal  diseases^^  result  in  selective  loss  of 
sensitivity  for  signals  detected  by  the  S  cones;  litfle  or  no  loss  of  sensitivity 
is  seen  for  the  medium  and  long  wavelength  sensitive  cones  when  flashes 
are  detected  against  bright  magenta  and  blue  backgrounds  in  the  same 
subjects. 


Results:  Diabetes 

In  studies  with  diabetics  (Figure  1)  we  have  shown  that  even  at  the 
very  early  stages  of  this  peripheral  vascular  disease,  large  and  selective 
sensitivity  losses  occur  in  the  S  cone  pathways. ^^-^^'^^-^'^^-^^ 

Post-receptoral  involvement 

These  same  losses  for  short  wavelengths  are  also  seen  when  flashes 
are  presented  against  a  bright  white  background  designed  to  isolate  de- 
tection by  chromatically  sensitive  pathways.  Under  these  conditions  the 
chromatic,  not  the  achromatic,  pathways  are  probably  involved  in  detec- 
tion, Figure  2  shows  the  spectral  sensitivity  one  finds  in  the  normal  eye 
under  these  conditions. 

When  the  same  sized  targets  are  flickered  at  25  Hz  and  detection  is 
based  on  detection  of  flicker,  quite  different  spectral  sensitivity  is  deter- 
mined and  this  appears  to  be  due  to  detection  by  achromatic  path  way  s.^i 
Diabetic  eyes,  parficularly  in  the  early  stages  of  the  disease,  appear  to  have 
litfle  or  no  loss  of  sensitivity  for  signals  detected  by  this  pathway  (Figure 
2).  Such  data  provide  an  interesting  confirmation  that  the  loss  of  sensitivity 
seen  with  slow  flashes  on  either  a  yellow  or  white  background  is  not  due 
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1,  Spectral  sensitivities  for  34  diabetics  under  age  40.  Open  triangles;  4.5  log  troland 
yellow  background-S  cones.  Open  circles:  2.9  log  troland  magenta  background-M  cones. 
Open  squares  3.2  log  troland  blue  background-L  cones.  Test  spot  1  degree,  IHz  flashes 
against  10  degree  steady  background  following  3  minutes  of  adaptation  to  the  back- 
ground. Shaded  area  equals  2  standard  deviation  zone  for  young  age-matched  normals 
with  the  same  1  and  25  Hz  test  stimuli. 
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2.  Spectral  sensitivity  of  14  diabetics  (mean  age  25  years)  with  normal  (>20/25)  visual 
acuity  for  a  1  degree  spot,  flashed  against  a  bright  (3  log  troland)  10  degree  white 
background.  Closed  symbols:  IHz  flashes.  Open  symbols:  25  Hz  flashes.  Shaded  area 
equals  2  standard  deviation  zone  for  young  age  matched  normals  with  the  same  1  and 
25  Hz  test  stimuli. 
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to  the  media,  since  normal  sensitivity  at  short  wavelengths  for  flicker  would 
not  be  anticipated  if  the  eye  contained  a  pre-retinal  yellow  filter.  In  fact 
the  large  sensitivity  shifts  seen  in  diabetics  seem  to  be  due,  in  part,  to 
changes  beyond  the  receptor  (post-receptoral  level).  More  specifically,  there 
is  evidence  that  this  loss  of  sensitivity  in  the  chromatic  blue-sensitive  path- 
ways ,  particularly  prior  to  the  development  of  retinopathy,  may  be  a  direct 
result  of  poor  sensitivity  control  in  the  outer  plexiform  layer  of  the  retina, 
where  blue  and  yellow  signals  interact  in  the  blue-yellow  chromatic  path- 
ways. 22'2-'' 

We  believe  that  the  post-receptoral  sensitivity  losses  may  be  among 
the  earliest  vision  losses  we  can  detect  in  diabetes,  preceding  changes  in 
the  receptors  themselves.  What  is  the  basis  for  this  belief?  First,  S  cone 
photoreceptors  are  virtually  indistinguishable  morphologically  from  M  and 
L  receptors,  making  it  difficult  to  understand,  on  that  basis,  why  individual 
S  cone  receptors  themselves  would  be  more  vulnerable  to  insult.  That  the 
losses  may  take  place  beyond  the  receptor  level  is  further  supported  by 
the  fact  that  some  other  peculiar  characteristics  of  the  S  cone  pathways 
(such  as  their  inability  to  follow  fast  flicker)  are  post-receptoral. In  ad- 
dition, the  vascular  changes  in  diabetes  affect  primarily  the  retinal  (as 
opposed  to  the  choroidal)  blood  supply,  and  so  very  early  changes  would 
be  expected  to  take  place  in  the  inner  retina  before  the  outer  retina,  i.e.  in 
the  post-receptoral  layers.  We  have  also  shown  that  the  diabetic's  S  cone 
pathway  sensitivity  to  a  spot  of  light  superimposed  on  white  background 
(Figure  2)  is  more  nearly  normal  than  when  the  same  spot  is  superimposed 
on  a  yellow  background  (Figure  1).  The  Pugh  and  MoUon^^  model  for 
sensitivity  control  in  the  normal  S  cone  pathway  suggests  that  sensitivity 
control  (the  attenuation  of  signals  arising  from  a  receptor)  can  take  place 
at  both  the  S  cone  itself  and  at  a  blue-yellow  color  opponent  post-receptoral 
site  (the  "second  site")  when  this  second  site  is  polarized  or  stressed.  For 
example,  in  this  model,  after  adaptation  to  a  blue  or  yellow  background, 
sensitivity  to  a  spot  of  blue  light  is  first  lost  and  then  regained  via  some 
restoring  force  (adaptive  mechanism).  In  diabetic  patients,  this  loss  of  sen- 
sitivity does  not  seem  to  fully  recover,  possibly  due  to  some  anomaly  of 
the  restoring  force.  We  proposed  that  the  relatively  normal  sensitivity  on 
a  white  background  is  due  to  the  fact  that  the  white  background,  which 
is  neither  blue  nor  yellow,  is  neutral  to  the  "second  site,"  leaving  it  un- 
stressed. 

I  believe  we  provide  further  evidence  for  a  post-receptoral  component 
to  the  loss  of  sensitivity  in  two  separate  experiments. ^^  ^^  The  first  involves 
the  measurement  of  the  influence  of  surrounding  retina  on  S  cone  sensi- 
tivity. ^627  The  second  involves  the  measure  of  unique  green  hues  for  which 
exact  cancellation  of  yellowness  and  blueness  signals  are  presumed  to  take 
place  post-receptorally.^^ 
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According  to  the  Westheimer  effect  of  spatial  sensitization,  normals 
show  higher  sensitivity  to  a  small  test  probe  on  a  large  yellow  field  than 
on  a  smaller  one  of  the  same  luminance.  Since  S  cones  absorb  light  ap- 
preciably only  at  wavelengths  shorter  than  550  nm,  any  changes  of  S  cone 
sensitivity  against  an  expanded  yellow  background  must  be  post-recep- 
toral.  To  assess  the  post-receptoral  function  in  insulin-dependent  diabetics 
and  age-matched  normals  directly,  we  measured  S  cone  sensitivity  on  a 
large  (2°)  yellow  (588  nm)  field  and  on  a  small  (35'  arc)  yellow  field. If 
diabetics  had  normal  post-receptoral  sensitivity  control,  we  would  expect 
them  to  show  the  same  amount  of  spatial  sensitization  as  the  controls.  We 
found,  however,  that  three  of  the  diabetics  showed  a  slightly  reduced 
sensitization  effect;  a  fourth  showed  no  effect  at  all  (i.e.  sensitivity  was  the 
same  on  both  large  and  small  yellow  backgrounds).  If  this  reduced  sen- 
sitization is  confirmed  in  a  larger  sample  it  would  suggest  that  for  diabetics, 
as  a  group,  some  component  of  sensitivity  loss  is  due  to  adaptation  at  a 
site  beyond  the  receptor. 

The  setting  of  unique  green,  without  blueness  or  yellowness,  is  thought 
to  reflect  the  post-receptoral  balance  of  signals  from  S  and  a  combination 
of  M  and  L  cones.  Consequently  a  reduced  signal  from  either  component 
receptor  output  would  be  expected  to  shift  the  wavelength  of  unique  green. 

We  looked  at  unique  green  settings  in  diabetics  with  reduced  S  cone 
pathway  sensitivity. With  one  exception,  the  4  diabetics  we've  studied 
had  unique  green  settings  that  were  statistically  indistinguishable  from  5 
normals.  The  mean  wavelength  for  normals  was  501  ±1.9  nm;  for  the 
diabetics  it  was  504  ±  4.6  nm.  The  equality  of  unique  green  between 
diabetics,  who  have  S  cone  sensitivity  loss,  and  normals  is  consistent  with 
a  post-receptoral  S  cone  pathway  loss.  (We  adopted  unique  green  meas- 
ures, rather  than  the  more  common  hue  cancellation  paradigm,  because 
of  the  former's  insensitivity  to  ocular  media  filtration.)  A  selective  loss  of 
sensitivity  within  the  S  cones  themselves  would  be  expected  to  lead  to 
excess  of  blue  in  the  hue  cancellation  paradigm  or  a  shorter  wavelength 
unique  green. 

Clinical  testing  formats  and  results 

The  measurement  of  complete  spectral  sensitivity  curves  on  each  of 
these  backgrounds  is  a  time-consuming  and  difficult  task,  and  is  performed 
in  the  laboratory  in  complex  Maxwellian  view  optical  systems,  generally 
involving  either  a  bite-bar  or  chin  rest  with  head  restraints.  However  we 
have  recently  reported  the  use  of  a  relatively  simply  clinical  version  of  a 
test  which  can  isolate  S  cone  sensitivity  quickly  (<5  min/eye)  and  compare 
it — in  that  same  time — to  the  sensitivity  of  the  other  cone  types.^"  The 
Berkeley  Color  Threshold  Test  (BCT)  test  is  designed  to  be  essentially  free 
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Fig  3.  Berkeley  color  threshold  test  (BCT)  and  schematic.  In  a  four  alternative  forced  choice 
procedure,  the  patient  is  presented  with  a  1  degree  spot  flashed  'randomly'  into  one 
of  four  quadrants  of  the  background.  Each  successive  presentation  is  0.1  log  unit  less 
intense  until  the  patient  makes  one  mistake;  then  the  carousel  presentation  is  reversed 
until  the  patient  again  correctly  identifies  the  position  of  the  test  flash  in  the  quadrants. 
Threshold  is  defined  as  the  intensity  of  the  test  flash  first  correctly  idenhfied  during 
the  ascending  intensity  presentation.  The  viewing  screen  is  rear-illuminated  and  viewed 
through  an  aligning  aperture  at  33cm. 
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of  differences  in  transmission  through  the  ocular  media  and  pupil  from 
patient  to  patient,  and  from  moderate  amounts  of  uncorrected  refractive 
error  and  fixation  unsteadiness  (Figure  3). 

The  test  uses  a  carousel  slide  projector  to  provide  a  four-alternative 
forced  choice  presentation  of  blue  or  yellows  spots  against  a  yellow  or  blue 
background  (Figure  3).  It  has  already  been  used  in  relatively  large  clinical 
populations  at  three  different  centers  to  demonstrate  that  diabetics  have  a 
marked  loss  of  S  cone  sensitivity  related  to  the  amount  of  edema  in  the 
retina  and  to  the  degree  of  retinopathy.  In  one  of  those  studies  (Table  1), 
forty  five  diabetics,  most  with  20/20  vision  or  better,  showed  selective  loss 
of  sensitivity  for  the  S  cones.  Compared  to  normals  the  diabetic  group  was 
40  times  less  sensitive  to  blue  light  on  a  bright  yellow  background  while 
being  only  2  times  less  sensitive  to  yellow  light  on  the  same  background. 
Only  a  4  times  difference  could  be  accounted  for  on  the  basis  of  age  dif- 
ferences in  the  normal  and  diabetic  groups.  Even  those  patients  with  20/ 
20  vision  had  10  times  worse  sensitivity  than  the  normal  group.  Those 
diabetics  with  clinically  significant  edema  (retinal  thickening  within  500|jLm 
of  the  anatomical  fovea  or  having  edema  within  one  disk  diameter  of  the 
fovea  and  within  the  1500|jLm  macular  zone)  had  an  average  of  two  lines 
of  Snellen  visual  acuity  loss  (1.6  times  loss).  In  comparison  they  were  63 
times  less  sensitive  with  their  S  cones. 

Relation  of  retinopathy  to  S  cone  sensitivity  loss 

In  a  collaborative  study  with  George  Bresnick  at  the  Ophthalmology 
Dept.  at  the  University  of  Wisconsin,  we  used  the  new  test  (BCT)  of  blue 
cone  sensitivity,  in  a  simple  clinical  format,  to  evaluate  65  diabetic  patients 
with  all  degrees  of  retinopathy  as  well  as  31  age-matched  controls. jy^Q 
other  commonly  used  color  vision  tests  (FM  100-Hue  and  D-15)  were  also 
used  for  comparison.  (Color  vision  defects  on  the  100  Hue  test  are  known 
to  be  related  to  the  severity  of  retinopathy.)  All  of  the  stereoscopic  fundus 
photographs  for  the  diabetics  were  graded.  Seven  retinopathy  levels  and 
four  macular  edema  measures  (primarily  macular  edema  size)  were  used 
in  the  statistical  analysis.  The  S  cone  sensitivity  measure  was  predictive  of 
both  retinopathy  level  and  macular  edema  size  (p  <  .001,  F-test).  Fur- 
thermore, only  the  S  cone  sensitivity  measure  discriminated  diabetics  with- 
out diabetic  retinopathy  from  age-matched  normal  controls.  In  fact  the  S 
cone  sensitivity  measure  was  the  only  significant  predictor  of  the  macular 
edema  status. 

Our  studies  following  individual  diabetics  over  more  than  7  years 
suggests  that  the  group  data,  which  show  significant  correlation  of  reti- 
nopathy grade  to  S  cone  sensitivity,  may  be  deceptive  when  applied  to 
individuals. 
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Of  the  130  or  so  patients  which  have  been  tested  since  the  study  began, 
73  enrolled  for  the  extensive  increment  threshold  measures  involving  ap- 
proximately 8  hours  of  vision  testing  and  3  hours  of  medical  retina  ex- 
amination and  photography  at  each  "visit"  (actually  three  separate  days). 
Of  those  73  patients,  43  have  been  involved  in  multiple  followup  visits  of 
at  least  one  year  separation  from  the  first  visit  (mean  study  duration  =  3.3 
years,  range  1  -  7  years).  The  mean  age  and  duration  of  diabetes  for  these 
patients  was  26.9  ±13.1  and  12.8  ±7.1  years,  respectively;  thus  most  pa- 
tients were  juvenile  onset,  insulin  dependent  (IDDM)  Type  I  diabetics. 
Twenty-five  of  these  patients  (mean  study  duration  =  2.5  yrs.)  showed 
no  change  in  retinopathic  grade,  while  18  patients  (mean  study  duration 
=  4.  lyrs.)  did  show  change  in  retinopathy  level  as  defined  by  the  categories 
of  diabetic  retinopathy  described  for  the  Early  Treatment  Diabetic  Reti- 
nopathy Study  (ETDRS).  As  might  be  expected,  patients  in  the  study  longer 
were  more  likely  to  evidence  change.  Only  two  patients  developed  prolif- 
erative retinopathy  during  the  study.  Among  the  remaining  patients,  for 
whom  there  was  a  retinopathy  status  change,  6  changed  from  no  retinop- 
athy to  mild  retinopathy,  10  from  mild  to  moderate,  and  5  from  moderate 
to  pre-proliferative.  Some  patients  (three)  changed  through  more  than  one 
category  and  they  had  a  mean  S  cone  sensitivity  drop  of  0.4  log  units. 
However  the  more  striking  and  more  general  result  is  that  there  is  only  a 
small  net  shift  in  S  cone  sensitivity  over  the  mean  study  duration  of  3.3 
years  for  all  of  these  patients.  (There  was  also  no  significant  shift  in  L  or 
M  cone  measures.)  Excluding  the  three  patients  who  shifted  through  more 
than  one  retinopathy  category,  there  is  no  statistically  significant  difference 
in  net  S  cone  changes  between  the  two  groups. 

In  spite  of  the  lack  of  correlation  between  S  cone  sensitivity  measures 
(or  indeed  other  vision  measures  which  we  use)  to  an  individual's  shift  in 
retinopathy  grade,  we  have  observed  that  patients  do  undergo  fluctuations 
in  this  measure  throughout  the  years  of  our  study.  Our  impression  has 
been  that  these  fluctuations,  which  appear  to  be  selective  for  S  cone  meas- 
ures and  exceed  the  variability  we  find  in  the  same  measures  for  normals, 
are  more  related  to  diabetic  control  than  to  fluctuations  in  retinopathic 
status.  In  particular,  five  diabetics  in  our  study  who  had  large  losses  in  S 
cone  sensitivity  (0.6  -  2.9  log  units)  within  12  hours,  either  just  prior  to  or 
just  following  our  vision  testing,  had  either  a  severe  insulin  reaction  or 
had  to  be  hospitalized  for  problems  with  blood  glucose  control.  On  sub- 
sequent visits  their  sensitivities  approached  their  pre-episodic  levels.  For 
four  of  the  patients  there  was  no  comparable  shift  in  M  or  L  cone  measures 
of  sensitivity. 

There  are  a  number  of  implications  for  a  close  functional  relationship 
between  vision  and  diabetic  control.  For  example,  the  neurosensory  (vision) 
deficits  may  result  from  metabolic  abnormalities  in  the  retina  that  precede 
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and  contribute  to  vascular  retinopathy.  The  manifestation  of  vascular  ret- 
inopathy, hov^ever,  may  be  related  to  retinopathic  signs  in  a  more  complex 
manner.  Studies  of  the  relationship  between  tight  diabetic  control  and  the 
progression  of  retinopathy  suggest  that  in  these  more  advanced  cases  ret- 
inopathy cannot  be  stopped  by  continous  subcutaneous  infusion  of  insulin 
(CSII)  provided  by  the  insulin  pump.  There  is  some  evidence  that  retinal 
function,  like  some  other  measures  of  function  (e.g.,  renal  and  peripheral 
nerve  function)  is  improved  w^ith  strict  diabetic  control.  We  have  begun  a 
collaborative  study  w^ith  John  Linfoot  on  the  effects  of  diabetic  control  on 
vision  function.  Diabetics  v^ho  are  undergoing  intensive  insulin  therapy 
as  a  result  of  their  recent  initial  diagnosis  or  because  of  poor  diabetic  control 
are  tested  for  S  cone  sensitivity  as  they  undergo  the  initial  rapid  reduction 
in  blood  glucose.  The  same  diabetics  are  being  studied  for  more  sustained 
effects  of  diabetic  control  (primarily  hemoglobin  Ale  measures)  over  a 
period  of  three  years. 

Results:  Glaucoma 

In  glaucoma,  a  disease  often  associated  v^ith  increased  intraocular  pres- 
sure, but  alv^ays  associated  with  loss  of  ganglion  cell  axons  leading  to 
characteristic  or  "signature"  field  defects,  a  different  set  of  results  emerges, 
suggesting  quite  different  sites  for  the  pathology  than  in  diabetes.  Here, 
shown  in  figure  4,  sensitivity  losses  are  seen  in  both  chromatic  and  ach- 
romatic pathways,  though  the  losses  in  chromatic  pathways  appears  to  be 
greater  for  blue  light. 

The  loss  of  nerve  fibers  in  glaucoma  is  thought  to  involve  both  a 
localized  loss  at  the  poles  of  the  optic  nerve  head,  producing  the  familiar 
asymmetric  cupping  of  the  disk  and  notching  of  the  neuroretinal  rim,  and 
loss  of  axons  which  produces  an  overall  reduction  of  sensitivity.  This  latter 
loss  may  be  related  to  the  frequently  observed  loss  of  foveal  sensitivity 
early  in  the  course  of  the  disease  and  reported  by  us  above. 

In  a  study  in  collaboration  with  Roger  Husted  at  the  Ophthalmology 
Department,  Ft.  Ord,  California,  we  showed  that  both  ocular  hypertensive 
and  glaucoma  patient  groups  have  a  generalized  reduction  in  the  sensitivity 
to  short  wavelength  (blue)  targets  against  a  yellow  background  over  the 
entire  central  field  region.^  Sensitivity  to  yellow  light  was  normal,  i.e.  not 
different  from  age-matched  normal  controls  (figure  5).  We  also  showed 
that  a  significant  number  (about  20%)  of  32  ocular  hypertensives  had  lo- 
calized "glaucomatous-like"  field  defects  with  the  same  blue  targets.  These 
defects  were  not  demonstrable  either  by  conventional  perimetry  or  with 
yellow  targets  on  the  same  yellow  bakground.  Measurements  were  per- 
formed over  the  central  30°  field.  Furthermore,  some  localized  "glaucom- 
atous-like" field  defects  among  the  33  glaucoma  patients  either  were  not 
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4.  Spectral  sensitivity  of  glaucoma  subjects  (n  =  19,  mean  age  =  51.5  ±  15.8  years)  and 
their  age-matched  normals  (n  =  19,  mean  age  =  51.6  ±  15.6  years).  Solid  lines  (through 
the  normal  data)  are  from  a  separate  study  of  11  young  normals  (mean  age  24  years) 
under  identical  test  conditions,  except  thresholds  were  determined  at  20  nm  intervals 
across  the  spectrum.  Solid  symbols  and  lines:  means  for  age  matched  normals;  Open 
symbols  and  dashed  lines:  means  for  glaucoma  subjects. 

Top  two  functions:  Chromatic  increment  thresholds  for  a  2°  circular  target  flashed  at  1 
Hz  on  a  1270  photopic  troland  white  background,  foveally  fixated.  Bottom  two  functions: 
achromatic  increment  thresholds  for  a  25  Hz  test  target  under  the  same  conditions. 
Error  bars  indicate  1  standard  deviation  for  the  normals  (  SD  always  less  than  0.3  log 
units  at  each  wavelength). 
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as  extensive,  or  not  revealed,  with  conventional  targets  when  compared 
to  the  blue  targets.  Fhe  loss  of  sensitivity  for  both  the  glaucoma  group  and 
the  ocular  hypertensive  group  is  consistent  with  Quigley's  recent  reports,^ 
from  post-mortem  studies  of  human  eyes,  of  extensive  axon  death  even 
in  the  absence  of  glaucomatous  field  defects. 

In  a  second  phase  of  this  study,^'  we  used  a  series  of  simple  and  rapid 
clinical  tests  of  color  and  spatial  contrast  sensitivity  to  compare  the  foveal 
sensitivity  of  glaucoma  and  ocular  hypertensive  patients  to  age-matched 
normals.  In  the  first  test  we  used  the  BCT  test  of  S  cone  sensitivity  and 
sensitivity  to  yellow  lights  on  yellow  backgrounds  to  measure  the  sensi- 
tivity of  the  central  macula.  For  comparison,  we  administered  the  D-15, 
our  DSAT  version  of  the  D-15  test,^^  the  AO  HRR  color  vision  book  test, 
and  the  Vistech  version  of  a  spatial  contrast  sensitivity  test.^^  We  found 
the  glaucoma  group  to  be  about  six  times  less  sensitive  to  blue  light  than 
normals,  and  three  times  less  sensitive  than  ocular  hypertensives  (figure 
6).  These  differences  were  statistically  significant  and  easily  identified  clin- 
ically. There  was  also  a  statistically  significant  difference  betvv^een  normals 
and  ocular  hypertensives  of  about  1.7  times.  The  results  of  our  Ft.  Ord 
studies  prompted  a  collaborative  effort  with  Chris  Johnson  and  Richard 
Lewis  at  U.C.  Davis  Ophthalmology  Department.  With  them  we  have 
initiated  a  prospective  study  of  the  effects  of  intraocular  pressure  on  meas- 
ures of  blue  cone  sensitivity  in  the  fovea  and  peripheral  retina  for  hyper- 
tensive and  glaucomatous  patients.  Recently  we  reported  preliminary  results 
showing  that,  in  a  group  of  38  patients  with  ocular  hypertension  and  22 
patients  with  early  glaucomatous  field  defects  (all  compared  to  62  age- 
matched  normals),  more  abnormalities  were  obtained  for  the  blue  on  yellow 
test  condition  in  5-10%  of  ocular  hypertension  patients  and  about  15%  of 
the  glaucoma  patients. 

Our  studies  suggest  that  a  selective  loss  of  sensitivity  in  pathways  fed 
by  S  cones  (color  pathways)  and  those  carrying  fast  flicker  information  may 
be  altered  before  pathways  carrying  red-green  information.  We  have  pre- 
viously presented  evidence  from  the  literature  that  this  is  consistent  with 
a  sequential  loss  of  large  then  smaller  axons,  since  the  axons  carrying  red- 
green  information  are  probably  the  smallest. 

The  evidence  here,  though  very  preliminary  in  nature,  is  that  the  larger 
axons  of  the  ganglion  cells  appear  to  be  preferentially  affected  by  the  glau- 
comatous condition.  (Glaucoma  is  usually  accompanied  by  an  increase  in 
intraocular  pressure  which  is  thought  to  produce  either  direct  pressure  on 
the  axons  as  they  pass  into  the  optic  nerve  head  and  through  the  lamina 
cribrosa,  or  by  pressure  on  the  vascular  supply  to  the  optic  nerve  head, 
thus  indirectly  affecting  the  integrity  of  the  gangion  cell  axons  in  that 
location).  Thus  there  appears  to  be  some  form  of  "protection",  or  sparing, 
provided  to  the  smaller  axons,  which  carry  red-green  and  high  spatial 
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Fig  5.  Log  sensitivity  to  1°  blue  (top  panel)  and  yellow  (lower  panel)  test  flashes  (300  ms) 
on  an  11°  yellow  background  at  the  fovea  and  at  2.5°,  5°,  10°,  and  15°  eccentricity. 
Normal  and  ocular  hypertensive  groups  measured  along  the  inferior  temporal  retina, 
glaucoma  group  measured  along  the  nasal  retina  to  10°  eccentricity.  Sensitivities  de- 
termined by  method  of  limits.  ±  One  standard  deviation  is  indicated  for  the  normal 
group.  Solid  squares  =  normals,  open  circles  =  OHT  ,  closed  circles  =  POAG  (primary 
open  angle  glaucoma).  Mean  age  and  number  in  group,  respectively:  normals  59.8 
(n  =  24),  OHT  =  61.3  (n  =  32),  POAG  =  65.4  (n  =  33). 
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Fig  6.  Frequency  histogram  for  log  sensitivities  to  blue  and  yellow  flashes  (1°,  300  ms)  on 
500  candelas/m2  yellow  background.  Vertical  broken  lines  indicate  log  mean  sensitivity 
for  each  group.  (OHT  -  ocular  hypertension,  POAG  -  glaucoma.)  Test  sensitivities  are 
shown  for  33  patients  with  glaucoma,  32  patients  with  ocular  hypertension,  and  24 
age-matched  normals.  Each  group  had  the  same  sensitivity  to  yellow  on  a  yellow 
background;  there  was  no  statistically  significant  difference  among  the  groups.  The 
glaucoma  group  was  about  six  times  less  sensitive  (0.75  log  unit)  to  blue  light  than  the 
normal  group,  and  three  times  less  sensitive  (0.48  log  unit)  than  the  ocular  hypertension 
group.  These  differences  are  statistically  significant  (two  tailed  t  test,  P<.01)  and  easily 
idenfified  clinically.  There  is  also  a  statistically  significant  1.7  fold  (0.23  log  unit)  dif- 
ference between  the  normal  and  ocular  hypertensive  groups  (P<.01). 
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frequency  information  to  the  parvocellular  layers  of  the  lateral  geniculate 
nucleus.  Consistent  with  this  is  the  fact  that  visual  acuity  and  contrast 
sensitivity  to  high  spatial  frequencies,  along  with  red-green  color  discrim- 
ination, may  be  the  last  functions  affected  in  this  disease. 

It  is  interesting  to  note  that  there  is  some  convergence  of  evidence 
from  other  forms  of  vision  testing  of  low  spatial  and  high  temporal  fre- 
quencies, and  mesopic  increment  thresholds,  that  supports  the  idea  of 
selective  sparing  of  the  smallest  axons  in  glaucoma. 

Summary 

Our  studies  of  diabetics  and  glaucoma  patients  reveal  a  selective  loss 
of  sensitivity  for  light  detected  by  S  cones.  The  loss  in  diabetics  may  be 
related  to  sensitivity  changes  in  the  receptors  themselves  but  our  studies 
suggest  that  at  least  some  post-receptoral  sensitivity  loss  is  involved.  The 
loss  is  crudely  related  to  retinopathic  status  for  groups  of  diabetics  but  not 
closely  related  to  retinopathic  signs,  except  for  macular  edema,  in  individ- 
uals. The  presence  of  macular  edema  invariably  is  associated  with  a  large 
S  cone  sensitivity  loss.  In  glaucoma  the  use  of  color  also  reveals  large  losses 
of  sensitivity  in  the  S  cone  pathways  but  the  site  of  the  loss  may  be  quite 
different,  most  probably  as  a  result  of  pressure  on  the  axons  as  they  pass 
through  the  lamina  cribrosa  of  the  optic  nervehead  or  to  the  pressure  on 
the  vascular  tissue  in  that  region.  We  argue  that  the  concurrent  loss  of 
sensitivity  for  fast  flicker,  not  seen  in  our  diabetic  subjects  early  in  their 
disease,  suggests  a  relative  sparing  of  the  smallest  axons  which  carry  red- 
green  color  information  and  are  responsible  for  spatial  frequency  resolution 
like  visual  acuity.  Changes  in  these  latter  functions  appear  late  in  the  course 
of  the  disease. 

A  number  of  our  studies'^O'^  ^i'S^.  as  well  as  those  of  others^^-  have  now 
documented  that  there  can  be  large  S  cone  sensitivity  losses  even  in  the 
absence  of  a  visual  acuity  change  in  a  variety  of  retinal  vascular,  degen- 
erative, as  well  as  inner  retina  and  optic  nerve  disorders. 
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ABSTRACT.  It  is  well  established  that  color  vision  defects  frequently 
occur  in  diabetic  patients.  These  defects  have  usually  been  described  as 
tritan  deficiencies  indicative  of  a  selective  loss  of  blue-yellow  discrimina- 
tion. This  study  compared  achromatic  sensitivities  as  well  as  F-M  100-Hue 
B-Y  and  R-G  partial  error  scores  for  a  group  of  diabetic  patients  and  an 
age-matched  control  group  of  normal  observers.  Results  suggest  that  the 
color  vision  deficits  in  diabetics  with  little  or  no  retinopathy  are  not  due 
to  selective  damage  to  the  B-Y  channel  but  instead  to  non-selective  reduc- 
tion in  both  the  R-G  and  B-Y  pathways. 
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DIABETIC  DYSCHROMATOPSIA: 
PREFERENTIAL  DAMAGE  TO  THE  BLUE- 
YELLOW  (B-Y)  CHANNEL? 

Introduction 

Of  the  many  visual  deficits  associated  with  diabetes  mellitus  perhaps 
the  most  thoroughly  studied  is  the  acquired  diabetic  dyschromatopsia.^-^ 
It  now  is  well  established  that:  i)  diabetics  often  exhibit  significant  color 
confusion  and  hue  discrimination  deficits,  ii)  these  color  vision  deficits  may 
precede  the  development  of  clinically  detectable  retinal  microvascular  dis- 
ease (retinopathy)  and  iii)  these  color  vision  deficiencies  generally  become 
more  severe  as  the  retinopathy  progresses.  However,  the  physiologic  basis 
of  the  color  vision  impairments  among  diabetics,  and  in  particular  the 
dyschromatopsia  which  precedes  the  appearance  of  the  characteristic  ret- 
inal vascular  abnormalities,  remains  unclear. 

In  order  to  more  fully  elucidate  the  nature  of  the  dyschromatopsia 
associated  with  diabetic  eye  disease,  a  number  investigators  have  analyzed 
the  diabetic  color  vision  deficits  in  relationship  to  the  neurosensory  mech- 
anisms which  mediate  normal  color  vision.  Most  often  these  investigations 
have  involved  the  measurement  of  either  hue  discrimination  using  stand- 
ardized clinical  tests  (e.g.  Farnsworth-Munsell  100-Hue  and  D-15  tests)  or 
increment  threshold  spectral  sensitivity.  ^-^  From  these  studies  it  typically 
has  been  concluded  that  the  dyschromatopsia  of  diabetes  is  best  charac- 
terized as  a  tritan  (i.e.  blue-yellow)  deficit  which  may  reflect  preferential 
damage  to  a  specific  pathway  involved  in  the  neural  processing  of  color 
vision  information.  For  example,  Bresnick  et  al.^  quantitatively  examined 
the  red-green  and  blue-yellow  quadrants  of  100-Hue  results  from  diabetic 
patients  and  detected  a  predominance  of  errors  in  the  blue-yellow  regions. 
Similarly,  Roy  et  al.^  noted  that  blue-yellow  deficiencies  were  more  prev- 
alent than  either  red-green  or  mixed  defects  in  early  diabetic  retinopathy. 
In  increment  threshold  studies,  Adams  and  co-workers^  have  detected  a 
loss  in  sensitivity  to  short- wavelength  light  among  diabetics. 

The  demonstration  of  a  differential  susceptibility  of  a  particular  color 
vision  pathway  to  the  vascular  and  metabolic  changes  associated  with  early 
diabetic  retinopathy  has  implications  for  the  pathogenesis  of  the  visual 
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dysfunction  in  this  disease.  However,  it  is  important  to  note  even  in  in- 
dividuals with  "normal"  color  vision  blue-yellow  discrimination  may  be 
poorer  than  red-green  discrimination.  This  is  especially  true  individuals 
over  30  years  of  age.  Since  it  has  not  been  established  that  the  reduction 
in  blue-yellow  discrimination  among  diabetics  exceeds  the  red-green  dis- 
crimination by  an  amount  in  excess  of  the  magnitude  of  the  difference 
between  blue-yellow  and  red-green  discrimination  in  color  normals,  the 
available  hue  discrimination  data  must  be  considered  inconclusive  evidence 
for  a  differential  loss  in  sensitivity.  Although  the  increment  threshold  re- 
sults are  not  necessarily  subject  to  the  same  criticism,  they  remain  equivocal 
because  reductions  in  sensitivity  to  middle  and  long  wavelengths  can  occur 
in  conjunction  with  the  short  wavelength  sensitivity  decreases.^  Therefore, 
this  study  was  designed  to  quantitatively  assess  color  vision  in  diabetics 
and  age-matched  visual  normals  using  measures  of  both  hue  discrimination 
and  increment  threshold  spectral  sensitivity. 

Methods  and  Materials 

Hue  discrimination:  Monocular  hue  discrimination  measurements  were 
obtained  with  the  Farnsworth-Munsell  100-Hue  test  administered  under 
standard  illuminant  C  (78.5  cd/m^)  with  no  time  limit  imposed.  The  order 
of  presentation  of  the  boxes  was  varied  randomly  between  patients.  An 
investigator  who  was  not  involved  in  the  patient's  clinical  assessment  sco- 
red the  100-hue  results. 

Measurements  were  obtained  from  64  adult  subjects  with  no  ocular 
pathologic  disorders  or  systemic  disease  (control  group)  and  75  patits 
with  diabetes  mellitus.  The  mean  age  of  the  controls  (35.7  ±  10.9  years) 
was  not  significantly  different  from  the  diabetics  (39.2  ±  10.8  years).  In 
the  group  of  diabetic  patients  24  participants  (16  type  I  and  8  type  II)  had 
evidence  of  mild  to  moderate  background  retinopathy  (defined  as  grade 
la  to  lb  lesions  according  to  the  modified  Airlie  House  classification)  de- 
termined from  seven-field  color  stereo  fundus  photos  evaluated  inde- 
pendent of  this  investigation.  The  remaining  51  diabetic  patients  (28  type 
I  and  23  type  II)  had  no  evidence  of  retinopathy  on  either  ophthalmoscopy 
or  fundus  photography.  No  macular  edema  was  evident  in  any  of  the 
diabetic  patients.  The  average  duration  of  diabetes  was  7.8  years  for  the 
patients  with  no  retinopathy  and  16.9  years  for  the  individuals  with  back- 
ground retinopathy.  All  participants  were  required  to  have  visual  acuity 
of  20/30  or  better  and  intraocular  pressure  less  than  21  mm  Hg. 

Two  different  methods  of  quantifying  the  magnitude  and  type  of  errors 
on  the  test  were  employed.  In  the  first  method  the  total  error  score  as  well 
as  the  partial  error  scores  for  the  blue-yellow  (caps  1-12,  34-54  and  76-84) 
and  red-green  (caps  13-33  and  55-75)  quadrants  were  assessed  as  suggested 
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by  Smith,  Pokorny  and  Pass/  Since  the  distribution  of  F-M  100-Hue  error 
scores  for  visually  normal  individuals  is  non-gaussian  the  square  roots  of 
each  participant's  total  error  score,  as  well  as  both  partial  error  scores  were 
calculated. «  The  second  scoring  technique  was  based  upon  the  method  of 
analysis  suggested  by  Vingrys  and  King-Smith. ^  This  method  involves  the 
calculation  of  a  moment  of  inertia  from  the  color  difference  vectors  which 
describe  each  participant's  cap  arrangement.  From  this  quantitative  analysis 
we  examined  both  the  confusion  angle  (which  indicates  the  type  of  color 
vision  deficit)  and  the  confusion  index  or  C-index  (which  indicates  the 
severity  or  degree  of  the  deficit). 

Achromatic  and  blue-yellow  increment  threshold  sensitivity:  A  mod- 
ified Humphrey  perimeter  was  used  to  measure  both  achromatic  and  blue 
test  on  yellow  background  (blue-yellow)  increment  threshold  sensitivity  at 
74  points  within  the  central  30  degrees  of  the  visual  field.  For  achromatic 
perimetry  the  thresholds  for  detecting  a  white  flash  on  a  315  apostilb  (101.8 
cd/m^)  white  background  was  determined.  For  the  blue-yellow  perimetry 
a  blue,  lowpass  (<  480  nm)  interference  filter  (Ealing  #35-5263)  was  inserted 
in  the  test  beam  and  a  yellow  Wratten  filter  (#8)  was  placed  over  the 
background  source.  With  this  configuration  the  yellow  background  was 
216  apostilb  (69.4  cd/m^).  For  each  of  the  74  points  the  achromatic  thresholds 
were  corrected  for  age  using  the  sensitivity  values  included  in  normative 
database  available  with  the  Flumphrey  STATPAC.  Finally,  the  difference 
between  achromatic  and  chromatic  thresholds  at  each  test  point  was  com- 
puted. 

Increment  threshold  measurements  were  obtained  from  14  adult  sub- 
jects with  no  ocular  pathologic  disorders  or  systemic  disease  (control  group) 
and  23  of  the  diabetic  patients  who  participated  in  the  hue  discrimination 
experiments  mellitus.  The  mean  age  of  the  controls  (35.7  ±  12.3  years) 
was  not  significantly  different  from  the  diabetics  (44.5  ±  13.4  years).  In 
the  group  of  diabetic  patients  6  participants  had  evidence  of  mild  to  mod- 
erate background  retinopathy  (defined  as  grade  la  to  lb  lesions  according 
to  the  modified  Airlie  House  classification)  determined  from  seven-field 
color  stereo  fundus  photos  evaluated  independent  of  this  investigation. 
The  remaining  17  diabetic  patients  had  no  evidence  of  retinopathy  on  either 
ophthalmoscopy  or  fundus  photography. 

Results 

Hue  discrimination:  Analysis  of  the  F-M  100-Hue  total  and  partial  error 
scores  revealed  that  the  square  root  of  the  total  error  was  significantly 
higher  in  the  both  groups  of  diabetic  patients  relative  to  the  controls 
(Table  1).  This  confirms  the  reduction  in  hue  discrimination  expected  in 
these  two  patient  groups.  Similarly,  the  square  root  of  the  blue-yellow 
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TABLE  1.  Mean  (standard  deviation)  of  the  square  roots  of  the  F-M  lOO-hue 
error  scores  for  each  patient  group.  Values  in  boldface  indicate  cases  which 
are  significantly  different  from  the  normals.  NR  =  no  detectable  retinopathy; 
BR  =  background  retinopathy. 


NORMALS  DIABETICS 

ERROR 

SCORES:  ;                                 NR  BR 

TOTAL  6.71  (2.85)  9.28  (3.91)  10.91  (3.89) 

BLUE-YELLOW  5.13  (2.12)  7.03  (2.96)  8.34  (2.70) 

RED-GREEN  4.24  (2.18)  5.99  (2.71)  6.89  (3.16) 

DIFFERENCE  0.89  (1.28)  1.03  (1.21)  1.45  (1.70) 


partial  error  score  was  elevated  significantly  in  the  diabetic  patients,  con- 
firming the  reduction  in  blue-yellow  hue  discrimination  among  diabetics. 
However,  a  significant  increase  in  the  square  root  of  the  red-green  partial 
error  scores  also  was  detected  among  both  groups  of  diabetic  patients.  This 
suggests  that  red-green  hue  discrimination  is  reduced  significantly  in  di- 
abetic patients. 

For  the  normal  controls,  as  well  as  for  both  groups  of  diabetic  patients, 
the  blue-yellow  partial  error  scores  were  greater  than  the  red-green  partial 
error  scores.  To  assess  the  relative  magnitude  of  the  blue-yellow  and  red- 
green  hue  discrimination  deficits  among  diabetic  patients,  the  difference 
between  the  square  roots  of  the  partial  error  scores  was  calculated.  In 
neither  group  of  diabetics  was  this  difference  significantly  greater  than  in 
the  control  group. 

The  Vingrys  and  King-Smith  method  of  scoring  the  F-M  lOO-hue  also 
revealed  a  significant  reduction  in  hue  discrimination  (elevation  of  the  C- 


Diabetic  Dyschromatopsia 


75 


MAGNITUDE  OF  COLOR  CONFUSION 
(F-M  100-hue) 

PATIENTS 

I  M  DIABETICS  (BR)* 


1.0-1.5       1.6-2.0       2.0-2.6        >  2.5 

C-INDEX 

•  NR  -  No  Retinopathy 

BR  -  Background  Retinopathy 

Figure  1.  The  distribution  of  the  color  confusion  scores  (C-index)  for  the  diabetic  patients 
and  the  controls  is  shown.  A  reduction  in  color  discrimination  is  evident  from  the  increased 
C-index  of  the  diabetic  patients.  Note  that  significant  color  discrimination  deficits  are  evident 
for  the  diabetics  with  no  detectable  retinopathy  as  well  as  for  the  patients  with  background 
retinopathy. 


index)  among  both  groups  of  diabetic  patients  (Fig.  1).  However,  there  was 
little  difference  in  confusion  angle  between  the  controls  and  either  group 
of  diabetic  patients  (Fig.  2).  If  only  the  diabetic  patients  with  significant 
hue  discrimination  deficits  are  considered  (i.e.  C-index  >  2.03,  a  value  that 
is  two  standard  deviations  above  the  mean  C-index  [1.39]  for  the  controls), 
the  confusion  angles  of  the  diabetic  patients  fall  completely  within  the 
range  of  the  controls.  Thus,  when  this  method  of  analysis  is  employed 
there  is  no  evidence  of  a  selective  blue-yellow  deficit  in  either  group  of 
diabetic  patients. 

Achromatic  versus  blue-yellow  increment  thresholds:  For  both  the  con- 
trols and  the  diabetic  patients  the  age-corrected  achromatic  sensitivity  was 
plotted  as  a  function  of  the  difference  between  achromatic  and  blue-yellow 
sensitivity  (Figs.  3-5).  For  the  control  subjects  both  the  age-corrected  ach- 
romatic sensitivities  and  the  differences  between  achromatic  and  chromatic 
sensitivities  tended  to  vary  randomly  between  -10  db  and  -h  10  db.  Among 
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Figure  2.  The  distribution  of  the  color  confusion  angles  for  the  diabetic  patient  and  the 
controls  is  shown.  The  axis  of  confusion  (angle)  provides  an  indication  of  the  type  of  color 
vision  defect.  In  the  control  group  the  angle  generally  varied  between  40  and  80  degrees. 
This  also  was  the  case  for  the  majority  of  the  diabetic  patients  including  all  of  the  diabetics 
with  color  confusion  scores  more  than  2.0  standard  deviations  above  the  mean  for  the  control 
group  (data  not  shown). 


the  controls  no  correlation  between  age  corrected  sensitivity  and  the  dif- 
ference between  achromatic  and  chromatic  sensitivity  was  evident  when 
paired  points  (i.e.  test  points  from  the  same  retinal  location)  were  plotted 
(Fig.  3).  For  the  diabetic  patients  both  age-corrected  achromatic  sensitivity 
and  the  differences  between  achromatic  and  chromatic  sensitivity  varied 
over  a  greater  range  (Fig.  4),  consistent  with  deficits  for  both  the  achromatic 
and  the  blue-yellow  tests.  In  addition,  among  the  diabetics  the  relationship 
between  paired  points  was  not  random.  Rather  there  was  a  significant 
negative  correlation  (r  -  -0.66,  p  <  .001)  between  the  age-corrected  ach- 
romatic sensitivities  and  the  difference  between  achromatic  and  chromatic 
sensitivity  (Fig.  4).  This  trend,  which  suggests  that  reductions  in  blue- 
yellow  sensitivity  tend  to  parallel  achromatic  sensitivity  deficits,  was  evi- 
dent for  individual  diabetic  patients  (Fig.  5)  as  well  as  for  the  grouped 
data. 
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Figure  3.  Thresholds  for  achromatic  and  chromatic  perimetry  at  each  of  74  points  in  the 
visual  field  are  shown  for  the  pooled  data  from  14  control  subjects.  Each  entry  represents  a 
comparison  of  the  achromatic  and  chromatic  thresholds  for  the  same  retinal  location  in  one 
individual.  The  x-axis  represents  the  difference  (in  db)  between  the  obtained  threshold  and 
the  average  threshold  for  age-matched  observers  as  derived  from  the  Humphrey  STATPAC 
norms.  The  y-axis  represents  the  difference  (also  in  db)  between  the  observers  achromatic 
and  chromatic  thresholds.  For  these  observers  the  data  appear  to  be  randomly  distributed 
along  both  axes  and  no  correlation  is  evident. 


Discussion 

Visual  loss  resulting  from  retinal  microvascular  disease  is  one  of  the 
major  complications  of  diabetes  mellitus.  Often  diabetic  visual  loss  is  con- 
sider to  be  synonymous  with  blindness.  It  has  become  quite  evident,  how- 
ever, that  blindness  is  a  relatively  late  and  often  preventable  complication 
of  the  disease  process.  Nevertheless,  other  more  subtle  and  less  debilitating 
visual  deficits  may  accompany  the  development  and  progression  of  diabetic 
retinal  vascular  disease.^  ^  In  studying  these  early  visual  manifestations 
one  hopes  to  learn  more  about  the  pathophysiologic  basis  of  visual  con- 
sequences associated  with  retinal  vascular  disease  while  also  developing 
better  methods  of  detecting  those  individuals  most  likely  to  require  medical 
and/or  surgical  intervention. 

Although  it  is  well-established  that  significant  color  vision  deficits  fre- 
quently occur  in  diabetic  patients,  and  that  these  deficits  often  can  be 
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Figure  4.  The  pooled  data  for  23  diabetic  patients  are  plotted  using  the  same  convention 
used  in  Fig  3.  In  this  case,  however,  a  significant  negative  correlation  is  apparrent  and  the 
best  fit  linear  regression  (least  squares)  is  shown. 
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Figure  5A-5C.    Identical  to  Figs .  3  and  4  except  the  data  represent  individual  diabetic  patients . 
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observed  prior  to  the  onset  of  detectable  retinal  vascular  disease;  the  nature 
of  the  pathophysiologic  process  mediating  the  color  vision  loss  remains  ill- 
defined.  In  this  study  significant  color  vision  deficits  were  detected  not 
only  in  patients  with  early  background  retinopathy,  but  in  some  individuals 
these  deficits  were  present  before  retinal  microvascular  disease  could  be 
detected  by  either  ophthalmoscopy  or  fundus  photography.  Therefore, 
these  results  support  previous  suggestions  that  color  vision  testing  pro- 
vides a  sensitive  method  for  detecting  early  visual  system  involvement  in 
diabetes.'"^ 

Previous  reports  of  hue  discrimination  deficits  in  diabetics  have  de- 
scribed tritan  deficiencies  suggestive  of  a  selective  loss  of  blue-yellow  dis- 
crimination. Unfortunately,  in  most  of  these  reports  the  type  of  hue 
discrimination  deficit  has  been  determined  from  non-quanitative  evalua- 
tions of  the  confusion  axes.^-  ^-^  Bresnick  et  al.,^  who  employed  a  scoring 
technique  similar  to  the  quadrant  analysis  used  in  this  investigation,  ob- 
served that  in  diabetics  the  B-Y  partial  error  scores  exceeded  the  R-G  partial 
error  scores. 

Similar  results  were  obtained  in  this  study.  The  current  results,  how- 
ever, illustrate  that  i)  both  the  B-Y  and  R-G  partial  error  scores  of  diabetics 
patients  are  elevated  relative  to  age-matched  controls  and  ii)  the  difference 
between  the  B-Y  and  R-G  partial  error  scores  is  similar  for  diabetics  and 
controls.  Therefore,  these  hue  discrimination  results  are  more  consistent 
with  the  concept  of  a  concomitant  reduction  in  B-Y  and  R-G  discrimination 
than  with  the  concept  of  a  selective  loss  of  B-Y  discrimination.  Bresnick  et 
al.2  may  have  failed  to  observe  this  trend  because  they  did  not  evaluate 
their  results  relative  to  age-matched  controls. 

Another  interpretation  of  the  hue  discrimination  results  obtained  in 
the  present  study  is  that  the  F-M  100-Hue  test  is  not  sensitive  enough  to 
reveal  selective  damage  to  the  blue-yellow  channel  in  patients  with  little 
or  no  retinopathy.  This  notion  is  supported  by  the  evidence  that  blue- 
yellow  deficits  have  been  detected  in  diabetics  with  little  or  no  retinopathy 
when  increment  threshold  techniques  are  used^  and  by  the  observation 
that  in  previous  hue  discrimination  studies  patients  with  more  advance 
retinopathy  were  included. Therefore,  a  subset  of  the  patients  from  this 
investigation  were  also  tested  using  blue-yellow  and  achromatic  increment 
threshold  techniques.  The  results,  however,  indicate  that  in  diabetics  with 
little  or  no  retinopathy  the  development  of  a  blue-yellow  deficit  is  generally 
paralleled  by  a  similar  reduction  in  achromatic  sensitivity  (Figs. 
3-5). 

Thus  the  weight  of  the  evidence  from  this  investigation  suggests  that 
the  color  vision  deficits  observed  in  diabetics  with  little  or  no  retinopathy 
do  not  result  from  selective  damage  to  the  B-Y  channel.  Instead,  the  early 
color  vision  defects  in  diabetes  appear  to  result  from  uniform  reductions 
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in  both  the  R-G  and  B-Y  pathways.  While  significant  color  vision  defects 
clearly  are  early  signs  of  visual  involvement  in  the  disease  process,  the 
mechanisms  mediating  these  visual  deficits  require  further  study.  Never- 
theless, color  vision  testing  remains  a  viable  and  useful  tool  for  detecting 
diabetic  eye  disease. 
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ABSTRACT.  The  wavelength  effects  on  binocular  brightness  summation 
reported  by  Trick  and  Guth  (1980)  are  reasonably  predicted  by  a  model  in 
which  each  of  the  red,  green,  blue,  yellow,  and  white  neural  signals  has 
a  different  nonlinear  intensity-response  function,  and  the  brightness 
impressions  from  each  eye  are  combined  by  a  variation  of  Engel's  (1967) 
autocorrelation  model.  This  model  suggests  that  wavelength  effects  on 
binocular  summation  may  be  a  result  of  differences  in  the  achromatic  and 
chromatic  intensity-response  functions,  which  occur  before  the  information 
is  combined  to  give  a  fused  impression. 
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Prior  to  1960,  the  majority  of  evidence  for  neural  interactions  between 
corresponding  retinal  areas  of  each  eye  was  indirect,  gathered  primarily 
through  psychophysical  experiments.  However,  there  is  now  ample  phys- 
iological evidence  that  neural  signals  from  corresponding  retinal  areas  in- 
teract at  a  central  level  in  the  visual  system  (see  Reading^  and  Poggio  & 
Poggio^  for  recent  reviews).  Although  the  psychophysical  studies  provide 
only  indirect  support  for  the  neural  interactions,  these  experiments  do 
provide  an  insight  into  how  these  interactions  relate  to  perception.  One 
of  the  earliest  hypotheses  about  the  relationship  between  binocular  neural 
interactions  and  perception  assumes  that,  if  the  converging  signals  from 
each  eye  summate,  then  objects  should  appear  brighter  when  viewed  bi- 
nocularly.  However,  the  simple  experiment  of  closing  one  eye  when  view- 
ing this  page  and  noticing  that  there  is  no  difference  in  its  brightness 
suggests  that  the  neural  signals  do  not  summate.  Nevertheless,  in  an  ex- 
tensive review  of  binocular  brightness  summation  literature,  Blake  and  Fox 
concluded  that  binocular  summation  exists  for  threshold  light  levels,  but, 
at  supra-threshold,  binocular  summation  depends  upon  luminance  and/or 
contour  differences  between  the  stimuli  presented  to  each  eye.^  For  ex- 
ample, when  equal-luminance  lights  are  presented  to  corresponding  retinal 
areas,  then  there  is  evidence  for  summation. ^  However,  when  the  lumi- 
nances of  the  lights  are  unequal,  as  in  Fechner's  paradox,  then  the  bright- 
ness of  the  fused  image  is  an  "average"  of  the  two  monocular  percepts. ^ 
This  last  result  implies  that  the  neural  interaction  can  be  inhibitory. 

In  addition  to  luminance  and  contour  information,  two  studies  have 
shown  that  binocular  brightness  summation  also  depends  upon  the  wave- 
lengths of  the  lights  presented  to  corresponding  retinal  areas. Although 
the  retinal  illuminances  ranged  from  near  photopic  threshold  in  Trick  and 
Guth's^  experiment  to  300  td  in  de  Weert  and  Levelt's^  experiment,  both 
studies  reported  that,  as  the  difference  in  wavelength  of  the  two  lights 
increases,  the  degree  of  binocular  summation  decreased.  That  is,  as  the 
wavelength  difference  of  the  lights  increased,  the  fused  image  appeared 
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dimmer.  This  wavelength  effect  is  similar  to  brightness  summation  results 
reported  for  monocular  viewing." 

Another  wavelength-dependent  result  both  studies  reported  is  that, 
the  amount  of  summation  varied  even  when  the  wavelengths  of  the  lights 
were  identical.  For  example,  a  fused  image  of  425nm  lights  appeared  brigh- 
ter than  a  fused  image  of  575nm  lights.  However,  there  is  not  general 
agreement  on  this  last  result.'^ 

A  theoretical  account  of  wavelength  effects  on  binocular  brightness  is 
difficult  because  of  the  wavelength  dependency  reported  for  identical  lights, 
and  because  there  is  not  even  general  agreement  on  a  model  for  monocular 
brightness  perception.^  However,  de  Weert  and  Levelt  hypothesized  that 
the  brightness  of  the  fused  image  was  a  weighted  average  of  the  two 
monocular  luminances  and  that,  in  addition  to  luminance  and  contour 
information,  these  weighting  factors  were  also  wavelength  dependent. 

Recently,  the  Benzschawel  and  Guth'"  ATDN  color  vision  model  has 
been  extended  to  give  reasonable  predictions  for  a  number  of  dichoptic 
versus  monoptic  color  mixing  results."  In  this  paper,  the  model  is  devel- 
oped further  to  provide  a  theoretical  account  of  Trick  and  Guth's  binocular 
summation  data.  Because  of  the  lack  of  agreement  for  a  monocular  color 
vision  model,  this  development  should  only  be  considered  as  a  first  order 
approximation  of  the  summation  data. 

Description  of  the  ''Binocular  ATDN  Model" 

The  binocular  ATDN  model  is  represented  schematically  in  Fig.  1.  The 
first  three  levels  are  similar  to  those  of  the  Benzschawel  and  Guth  model. 
The  cone  photoreceptors,  L,  M,  and  S,  comprise  the  first  stage.  They  pro- 
vide input  to  the  second  stage  mechanisms,  which  are  the  nonopponent 
achromatic  mechanism  A,  the  opponent  T  mechanism  (similar  to  the  clas- 
sical R/G  channel)  and  the  opponent  D  mechanism  (similar  to  the  classical 
B/Y  channel).  In  a  departure  from  all  previous  opponent  colors  models, 
the  two  outputs  of  each  post-receptor  opponent  mechanism  have  different 
nonlinear  responses.  That  is,  the  red,  green,  blue,  and  yellow  hue  neural 
signals  each  have  a  different  nonlinear  intensity  response  function.  This 
is  the  critical  feature  of  the  monocular  ATDN  model  which  allows  for  the 
monoptic  versus  dichoptic  color  mixing  predictions.  In  the  present  devel- 
opment, a  nonlinear  response  function  is  also  derived  for  the  non-opponent 
A  mechanism  to  allow  for  the  monocular  versus  binocular  brightness  sum- 
mation predictions.  At  a  central  level  the  achromatic  responses  from  each 
eye  are  combined,  as  are  the  red-green  and  blue-yellow  responses.  The 
combination  rules  will  be  discussed  later. 
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Formulation  of  the  Model 

Photoreceptor  sensitivities  are  from  Smith  and  Pokorny  as  cited  in 


Benzschawel  and  Guth:'" 

L  =  0.24  x'  +  0.85  y'  -  0.052  z\  (la) 

M  =  -0.40  j'  +  1.2  y'  +  0.084  z',  (lb) 

S  =  0.62  z',  (Ic) 


where  x',  y'  and  z'  are  Judd's  1951  modifications  of  the  1931  CIE  color 
matching  functions. 

The  following  equations  give  the  outputs  of  Benzschawel  and  Guth's 
post-receptor  mechanisms  for  the  unit  radiance  spectrum/ 

A  =  c,  (0.60L  +  0.37M),  (2a) 
T  =  C2  (0.96L  -  1.3M  +  k,S),  (2b) 
D  =  C3  (-0.025L  +  0.048S).  (2c) 
In  eqs  2,  A  corresponds  to  the  achromatic  system,  which  signals  white- 
ness (or  luminance)  information,  T  corresponds  to  the  R/G  channel,  and 
D  corresponds  to  the  B/Y  channel.  The    coefficient  for  S  in  2b  was  adjusted 
by  Benzschawel  and  Guth  to  optimize  intensity-dependent  predictions  of 
small  step  hue  discrimination  data,  but  they  suggest  that  the  coefficient 
should  be  zero  when  predicting  foveal  thresholds.  The  c^,  €2  and  C3  coef- 
ficients serve  as  scaling  factors  and  adjust  the  amounts  of  A,  T,  and  D  that 
are  operated  upon  by  the  subsequent  nonlinear  neural  functions. 

The  nonlinear  response  functions  of  Benzschawel  and  Guth's  second 
stage  outputs  have  the  general  form, 
p  =  rV(a"  +  I"), 

where  p  is  equal  to  the  hue  response,  /  is  equal  to  the  T  or  D  value,  o-  is 
the  half  saturation  constant,  and  n  is  the  exponent.  This  general  form  has 
also  been  successful  in  modeling  a  variety  of  electrophysiological  and  psy- 
chophysical intensity-response  functions  for  white  light  (see  for  example. 
Hood  et  fl/12). 

Their  equations  for  the  specific  hue  responses  are: 


r  =  P^V(P  '^^^  +  1.3)  for  r>0,  (3a) 

g  =  -(P  V(r-  +  0.83))  for  r<0,  (3b) 

b  =  D"^V(D"75  +  3.0)  for  D>0,  (3c) 

y  =  -fD^  2/(231.2  +  0.68))  for  D<0,  (3d) 


where  r,  g,  b  and  y  represent  the  red,  green,  blue,  and  yellow  hue  re- 
sponses. The  g  and  y  responses  are  arbitrarily  assigned  negative  values, 
whereas  the  r  and  b  responses  are  assigned  positive  values. 


To  account  for  some  dichoptic  color  mixing  data,  the  S  coefficient  in  eq  2c  was  changed  to  a  variable 
and  the  M  receptor  response  (with  a  variable  coefficient)  was  added. "  However,  because  the  present  form 
of  eq  2c  has  been  successful  in  predicting  monocular  brightness  additivity  data  near  threshold,  the  original 
ATDN  equation  for  the  D  response  is  used  in  this  development. 
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To  predict  the  brightness  sumiiicition  data,  a  nonlinear  response  func- 
tion for  the  A  mechanism  was  derived.  Although  there  are  a  number  of 
possible  nonlinear  functions,  the  general  form  used  for  the  specific  hue 
responses  was  selected.  The  nonlinear  equation  for  the  achromatic  re- 
sponse is: 

a  =  A"/ {A''  +  a").  (3e) 

The  exponent,  n,  and  half  saturation  constant,  cr,  values  were  chosen  to 
give  the  best  fit  to  the  data  (by  visual  inspection)  using  the  combination 
rules  defined  in  the  next  section. 

Rule  for  Combining  Monocular  Brightness  Signals 

To  a  first  order  approximation,  brightness  of  the  monocular  impression 
is  defined  as  the  vector  sum  of  the  achromatic,  red-or-green,  and  blue-or- 
yellow  responses  in  both  the  monocular  and  current  binocular  ATDN  mod- 
gjg  8,10,13  jj^g  brightness  for  a  colored  stimulus  viewed  monocularly  is  ex- 
pressed as, 

=  {a'  +      +  d')  (4) 

where  a  equals  the  achromatic  response  from  eq  3e,  t  equals  the  red-or- 
green  response  from  eqs  3a  or  3b,  and  d  equals  the  blue-or-yellow  response 
from  eqs  3c  or  3d. 

Although  there  are  a  number  of  binocular  brightness  models,5'''^a  vari- 
ation of  Engers^""  autocorrelation  model  is  used  in  this  initial  development 
as  the  rule  for  combining  the  monocular  brightness  impressions.  According 
to  Engel,'''  the  brightness  of  a  fused  image  is  the  weighted  vector  sum  of 
the  two  monocular  brightness  impressions.  Mathematically,  this  is  ex- 
pressed as, 

I};,  =  [W        +  ^2^^]  1/2,  (5) 

where  ijig  is  the  brightness  of  the  fused  impression,  ijj,^  and  are  the  bright- 
ness impressions  from  the  right  and  left  eye,  and  W  is  a  vs^eighting  factor 
that  equals  the  ratio  of  the  monocular  squared  autocorrelation  functions. 
This  ratio  depends  upon  contour  and  contrast  information  presented  to 
each  eye.  Substituting  eq  4  for  each  monocular  brightness  impression  in 
eq  5  and  then  rearranging  terms,  the  brightness  of  a  fused  colored  stimuli 
is: 

In  the  present  form,  eq  6  will  not  predict  wavelength  effects  on  binocular 
summation,  because  squaring  the  chromatic  responses  from  each  eye 
changes  the  g  and  y  responses  to  positive  values.  In  order  to  retain  their 
negative  values,  the  squared  chromatic  responses  from  each  eye  are  mul- 


A  Model  for  the  Wavelength  Effects 


89 


tiplied  by  a  coefficient,  s,  that  equals  1.0  for  r  and  b  responses  and  -1.0  for 
y  and  g  responses.  The  expression  for  the  fused  image's  brightness  be- 
comes: 

=  [W  (fl  ,2  +       +  \s(t^)  +  s(t,^)\  +  I  s(d^)  +  s(d,^)  \Y'^  (7) 

The  absolute  value  of  combined  red-or-green  and  blue-or-yellow  chromatic 
signals  is  necessary  to  maintain  a  positive  value  for  the  sum  of  the  ach- 
romatic and  chromatic  responses. 


Predictions 

In  Trick  and  Guth's  experiment,  subjects  adjusted  the  radiance  of  tw^o 
individual  lights  until  each  matched  a  very  dim  comparison  annulus  sur- 
rounding the  test  fields.  This  adjustment  defined  the  unit  brightness  ra- 
diances of  the  individual  lights.  These  radiances  were  then  reduced  by 
50%,  and  the  two  lights  were  presented  either  to  the  same  retinal  locus  in 
one  eye  (  monocular  mixture)  or  to  corresponding  retinal  areas  of  each  eye 
(binocular  mixture).  If  brightness  summation  is  complete,  then  the  mix- 
ture's brightness  would  match  the  standard.  However,  if  brightness  sum- 
mation is  incomplete,  then  the  mixture  would  appear  dimmer  than  the 
standard,  and  the  subject  would  have  to  increase  the  radiance  of  the  mix- 
ture in  order  to  make  a  brightness  match. 

To  apply  the  model  to  the  monocular  data,  the  relative  radiance  of 
each  monochromatic  light  was  calculated  using  eqs  1-4  so  that  the  vector 
sum  (using  eq  4)  equaled  the  small  constant  of  1  x  lO-^.  (Because  the 
maximum  response  of  the  nonlinear  functions  is  1.0,  this  small  constant 
was  selected  to  represent  near  threshold  responses.)  This  series  of  calcu- 
lations defined  the  unit  brightness  radiance  of  each  light.  Receptor  re- 
sponses of  two  equal-brightness  lights  were  then  added  in  order  to  calculate 
the  achromatic  and  chromatic  responses  of  the  the  monocular  mixture  using 
eqs  2  and  3.  Finally,  the  a,  r-or-g,  and  b-or-y  values  were  substituted  into 
eq  4,  and  the  relative  amount  of  the  equal-brightness  mixture  was  adjusted 
to  produce  a  vector  sum  equal  to  1  x  10  \ 

For  a  binocular  mixture  of  the  same  two  lights,  the  relative  amount  of 
the  equal-brightness  binocular  mixture  was  calculated  by  substituting  the 
previously  determined  unit-brightness  achromatic  and  chromatic  re- 
sponses for  each  light  into  eq  7,  and  adjusting  the  radiances  of  each  light 
by  the  same  factor  so  that  il/galso  equaled  1  x  10  ^.  The  W  coefficient  in  eq 
7  was  held  at  constant  value  of  1.  An  iterative  procedure  was  used  to 
determine  a  and  n  in  eq  3e  which  gave  the  best  fit  to  both  the  monocular 
and  binocular  data  (by  visual  inspection)  with  the  scaling  constants,  Cj, 
and  C3  equal  to  1. 
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RELATIVE  AMOUNT  WHEN  MIXED  WITH  650nm 
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RELATIVE  AMOUNT 
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Dalci  Ironi  I'rick  and  CaiIIi's  cxpcrimcnl  and  the  predictions  are  shown 
in  Figs  2  through  4.  Vhe  a  and  n  values  for  eq  3e  were  0.52  and  1.1, 
respectively.  Ordinate  values  in  all  three  figures  specify  the  relative  amounts 
of  two  unit  brightness  lights  in  the  mixture  required  to  match  the  standard's 
brightness.  Points  at  0.5  indicate  that  summation  is  complete  (requiring 
0.5  of  each  unit  brightness  component)  and  points  above  0.5  indicate  in- 
complete summation.  For  example,  a  value  of  0.8  for  a  mixture  indicates 
that  0.8  unit  of  each  light's  unit  brightness  radiance  was  required  to  obtain 
a  brightness  match  when  the  two  lights  are  mixed  together. 

Figures  2  and  3  show  that,  although  the  model  underestimates  the 
amount  of  monocular  and  binocular  summation  for  long  and  short  wave- 
length mixtures,  it  does  provide  a  reasonable  approximation  of  the  data 
when  different  wavelengths  are  combined;  however,  the  model  generally 
overestimates  (lower  relative  amounts  as  compared  with  the  data).  For  the 
red-violet  mixtures,  the  model  predicts  that,  opposite  to  the  obtained  re- 
sults, brightness  summation  is  more  complete  for  a  binocular  mixture  of  a 
red  (greater  than  610  nm)  light  and  violet  (less  than  460  nm)  light  than  the 
monocular  mixture. 

Figure  4  demonstrates  that  the  model  also  predicts  the  wavelength 
effects  on  binocular  summation  w^hen  identical  lights  are  presented  to  cor- 
responding retinal  areas  in  each  eye.  This  last  prediction  is  important, 
because  color  vision  models  with  only  a  linear  combination  of  receptor 
responses,  or  with  the  same  exponent  and  half-saturation  constant  for  the 
achromatic  and  chromatic  nonlinear  intensity-response  functions,  do  not 
predict  these  w^avelength  effects  reported  for  identical  lights  when  using 
this  variation  of  the  vector  sum  to  define  the  brightness  of  the  fused  image. 


Conclusion 

Although  the  binocular  ATDN  model  can  provide  reasonable  predic- 
tions for  the  wavelength  effects  on  binocular  summation,  it  is  possible  that 
other  color  vision-binocular  vision  model  combinations  may  also  provide 
equally  satisfactory  predictions.  The  important  point  of  this  paper  is  that 
differences  in  the  achromatic  and  chromatic  nonlinear  intensity-response 
functions,  which  occur  before  the  information  is  combined  to  produce  a 
fused  impression,  may  be  responsible  for  the  wavelengths  effects  on  bi- 
nocular brightness  summation. 
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COLOR  THEORY  AND  THE  GUTH-INGLING  VECTOR 
MODEL  OF  COLOR  VISION 


ABSTRACT.  The  Guth-Ingling  vector  model  of  color  vision  has  been 
remarkably  successful  in  quantitatively  simulating  absolute  and  increment 
threshold  spectral  sensitivities  and  heterochromatic  threshold  additivity 
failures.  This  paper  reviews  the  origins  and  subsequent  elaboration  of  the 
Guth-Ingling  vector  model,  it  provides  formal  derivations  from  a  general 
color  vision  theory  and  signal  detection  theory  of  the  two  principal  oper- 
ations of  the  vector  model,  it  discusses  and  illustrates  the  formal  limitations 
on  applications  of  the  vector  model,  and  it  shows  how  the  vector  model 
can  be  properly  extended  to  wavelength,  saturation,  and  chromaticity  dis- 
criminations. 
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COLOR  VISION  THEORY  AND  THE 
GUTH-INGLING  VECTOR  MODEL  OF 
COLOR  VISION 

Introduction 

Vector  models  of  color  vision  have  become  increasingly  popular  in 
recent  years.  ^  Much  of  this  popularity  undoubtedly  can  be  attributed  to 
their  elegant,  but  simple  designs  and  to  their  impressively  successful  pre- 
dictions. Best  known  to  the  color  community,  perhaps,  are  the  nearly 
identical  vector  models  proffered  by  Guth  and  his  colleagues^  ^  and  by 
Ingling  and  his  colleagues."*  ^  Since  the  time  of  these  original  contributions, 
other  investigators  have  explored  variations  and  nonlinear  elaborations  of 
the  basic  vector  model. ^  ^ 

Guth's  and  Ingling' s  vector  models  of  color  vision  (hereafter  called  the 
Guth-Ingling  vector  model)  consist  of  two  operations.  The  first  operation 
is  a  linear  transformation  of  the  CLE.  color  mixture  primaries  (X,y,Z)  to 
yield  three  Hering-type  color  sensory  components 


A 

«ii 

fll2  fll3 

X 

T 

^  21 

a  22    fl  23 

Y 

D 

^31 

^32  ^33 

Z 

(1) 


The  second  operation  is  the  computation  of  a  vector  magnitude  from  the 
three-color  sensory  components 

d  =  v/A^-f  TVD".  (2) 

The  Guth  and  Ingling  versions  of  the  model  differ  only  in  their  choices  of 
values  of  the  matrix  coefficients,  a^^  in  Eq.  (1),  and  in  ad  hoc  elaborations  of 
the  model  that  will  be  discussed  later. 

The  Guth-Ingling  vector  model  has  been  remarkably  successful  in 
quantitatively  simulating  increment  threshold  spectral  sensitivity  functions 
(i.e.  t.v.X.  curves)  and  heterochromatic  threshold  additivity  failures. ^-^ 
The  same  model  has  been  qualitatively  successful  in  simulating  several 
other  sets  of  color  vision  data  such  as  color  difference  thresholds,  spectral 
color-naming  functions,  spectral  saturation  functions,  brightness-to-lumi- 
nance ratios,  etc. 
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The  purpose  of  the  present  article  is  to  analyze  the  theoretical  under- 
pinings  of  the  Guth-Ingling  vector  model  in  order  to  understand  its  suc- 
cessful quantitative  predictions,  to  understand  the  limitations  on  its 
performance  and  applications,  and  to  provide  guidelines  for  further  de- 
velopment. In  order  to  accomplish  these  goals,  it  will  be  necessary  to  apply 
Bayesian  signal  detection  theory  to  color  vision.  Consequently,  on  a  large 
scale,  this  theoretical  analysis  of  the  Guth-Ingling  vector  model  becomes 
the  vehicle  for  extending  the  presentation  of  a  general  theory  of  color  vision, 
the  first  part  of  which  was  described  in  an  earlier  paper. 

Guth's  early  development  of  the  vector  model  was  largely  theory-free. 
Later  work  by  Guth  and  by  Ingling  focused  on  extensions  of  the  vector 
model's  predictions  and  on  theoretical  interpretations  of  the  vector  model 
parameters.  In  this  paper  I  will  demonstrate  that  some  of  these  later  ex- 
tensions and  elaboratiqns  are  theoretically  sound,  whereas  many  others 
are  not.  However,  because  Guth's  original  development  of  the  vector  model 
gives  it  a  firm  empirical  foundation,  it  is  important  to  first  concentrate  on 
retracing  his  steps. 


Origins  of  the  Guth-Ingling  Vector  Model 

Just  as  color  mixture  spaces  are  formal  representations  of  a  set  of  color 
mixture  data,  Guth's  vector  model  is  a  formal  representation  of  his  het- 
erochromatic  threshold  additivity  failure  data.^"  "  That  is,  in  the  original 
vector  model  the  values  of  A,  T,  and  D  as  a  function  of  wavelength  were 
determined  by  the  results  of  Guth's  heterochromatic  threshold  additivity 
experiments.  Therefore,  to  fully  understand  the  success  of  the  vector  model, 
it  is  necessay  to  understand  both  the  heterochromatic  threshold  additivity 
experiment  and  the  representation  of  the  resulting  data  set  by  a  vector 
space. 

The  heterochromatic  threshold  additivity  experiment  consisted  of 
measures  of  a  fovel  absolute  thresholds  for  mixtures  of  monochromatic 
stimuli.  This  experiment  tested  the  additivity  hypothesis  (i.e.,  Abney's 
law).  Explicitly,  if  e,  is  the  threshold  energy  for  stimulus  of  wavelength 
and  is  the  threshold  energy  for  a  stimulus  of  wavelength  Xj,  then  Abney's 
law  would  predict  that  the  threshold  energy  for  the  heterochromatic  mix- 
ture, +  Xj  would  be  {e^  +  e^ll.  Guth's  study  showed  that  Abney's  law  failed 
for  foveal  absolute  thresholds. 

Inspired  by  the  earlier  work  of  Swets^^  and  of  Cohen  and  Gibson", 
Guth  suggested  that  monochromatic  threshold  stimuli  might  add  vecto- 
rially.  Different  wavelength  stimuli  would  be  represented  by  different  vec- 
tors. Vectors  of  equal  magnitude  were  defined  to  represent  equally  detectable 
stimuli.  The  threshold  additivity  data  determined  the  angle  between  each 
pair  of  stimulus  vectors  corresponding  to  each  wavelength  pair  used  in  the 
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threshold  additivity  experiment.  If  the  stimuli  were  perfectly  additive,  the 
resulting  angle  would  be  0°,  if  the  stimuli  were  perfectly  subtractive,  the 
resulting  angle  would  be  180°.  Intermediate  level  of  additivity  failure  would 
result  in  angles  between  0°  and  180°. 

To  compute  the  angle  between  each  pair  of  vectors,  Guth  assumed 
that  vector  magnitude  was  proportional  to  stimulus  energy  and  a  unit 
magnitude  vector  corresponded  to  a  threshold-level  stimulus,  irrespective 
of  wavelength.  The  length  of  a  vector  for  an  arbitrary  stiumulus,  Lj,  was 
expressed  as  the  ratio  of  the  stimulus  energy,  E^,  to  the  threshold  energy, 
e,,  of  that  stimulus,  i.e. 

4-  =  (3) 

Guth  called  the  ratio  "threshold  luminance."  In  the  additivity  experiment, 
one  stimulus  of  wavelength  was  set  to  a  threshold  luminance  of  0.5  (i.e. 
one-half  threshold  energy),  and  another  stimulus  of  wavelength  Xj  was 
added  to  the  half- threshold  level  until  the  mixture  came  to  threshold. 
The  quantity  of  interest  was  the  threshold  luminance  of  the  added  stimulus, 
Lj,  required  to  bring  the  heterochromantic  mixture  to  threshold.  A  value 
of  Lj  other  than  0.5  indicates  additivity  failure. 

The  cosine  of  an  angle,  Gij,  between  two  vectors  representing  the  stimuli 
Xi  and  Xj  is 

'  /■  2       r    2       r  2 

where  Ljj  is  the  magnitude  of  the  resultant  vector  for  the  mixture,  is  the 
magnitude  of  the  vector  for  \„  and  Lj  is  the  magnitude  of  the  vector  for  Xj. 
For  Guth's  threshold  additivity  experiment,  Ljj  -  1  (i.e.  mixture  was  brought 
to  threshold),  L,  =  0.5,  and  Lj  was  the  dependent  variable.* 

Guth  measured  threshold  additivity  for  stimulus  pairs  of  10  different 
wavelengths  that  spanned  the  visible  spectrum.  The  resulting  10x10  matrix 
was  converted  to  cosines  using  equation  (4)  and  symmetric  cells  were 
averaged.  A  10-variable  principal-components  factor  analysis  was  per- 
formed on  the  resulting  trangular  matrix.  The  factor  analysis  determined 
that  three  orthogonal  dimensions  were  sufficient  to  account  for  93%  of  the 
variance  in  the  data." 

The  factor  loadings  on  the  resulting  three-dimensions,  labeled  A,  B, 
and  C,  were  a  function  of  wavelength  and  represented  the  values  required 
to  generate  a  unit  magnitude  vector.  Dividing  the  factor  loadings  by  the 
threshold  energy  at  each  wavelength,  e„  produced  spectral  weightings  that 


*  In  actual  practice,  Guth  set  L,  to  a  nominal  half-threshold  value,  but  determined  the  actual  from 
homochromatic  additivity  measures,  i.e.  Xj  =  Xj.* However,  for  the  purposes  of  discussion  we  will  assume 
that  Lj  was  always  successfully  set  to  0.5. 
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Figure  1.  a)  Equal  Energy  A,  B,  C  factor  loadings  as  a  function  of  wavelength  (symbols), 
re-plotted  from  Guth  (1969).  The  solid  curves  plotted  along  with  the  factor  loadings  are  linear 
transformations  of  the  CLE.  distribution  functions,  b)  spectral  sensitivities  of  A,  T,  D  model 
vector  components,  using  transformations  provided  by  Guth,  Massof,  and  Benzschawel  (1980). 
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could  be  thought  of  as  "spectral  sensitivities"  for  the  A,  B,  and  C  dimen- 
sions. Consequently,  vector  magnitudes,  as  a  function  of  wavelength  for 
an  equal  energy  spectrum,  reproduced  the  foveal  absolute  threshold  spec- 
tral sensitivity  data. 

The  vector  space  derived  from  the  factor  analysis  embodied  the  fol- 
lowing properties: 

1)  Vector  magnitude  correspondened  to  stimulus  detectability  and  was 
proportional  to  stimulus  energy; 

2)  Vector  direction  as  a  function  of  wavelength  was  determined  by  het- 
erochromatic  threshold  additivity  failures  (re.  equation  4); 

3)  Spectral  loadings  on  each  of  the  dimensions  were  determined  by  the 
foveal  absolute  threshold  spectral  sensitivity  function. 

The  A,  B,  and  C  dimensions  were  only  one  of  an  infinite  number  of 
sets  of  orthogonal  axes  through  the  same  origin  that  could  be  used  to 
describe  the  derived  vector  space.  Figure  la  illustrates  the  equal  energy 
spectral  loadings  on  the  original  A,  B,  C  dimensions.  Guth  noticed  that 
the  spectral  loadings  on  dimension  B  were  similar  to  the  CIE  luminosity 
function,  the  loadings  on  dimension  A  were  similar  to  the  action  spectra 
of  red-green  opponent  cells  in  the  monkey  lateral  geniculate  nucleus,  and 
the  loadings  on  dimension  C  were  similar  to  blue-yellow  opponent  cell 
action  spectra.  From  Grassmann's  color  mixture  laws,  Guth  argued  that 
metamers  must  generate  the  same  vector  in  the  derived  space.  Since  the 
A,  B,  C  equal  energy  spectral  loadings  could  be  thought  of  as  a  set  of 
tristimulus  values,  Guth  reasoned  that  the  A,  B,  C  values  must  be  a  linear 
transformation  of  the  color  mixture  primaries  (X,  Y,  Zj.  Within  the  limits 
of  the  data,  this  relationship  was  found  to  be  true  (re.  Figure  la). 

Up  to  this  point  the  vector  space  was  strictly  a  formal  representation 
of  the  data  set.  By  demonstrating  that  the  vector  space  was  a  linear  trans- 
formation of  the  color  mixture  primaries,  Guth  provided  the  foundation 
for  building  his  vector  model  of  color  vision,  In  the  vector  model,  Guth 
defined  one  dimension  to  have  spectral  weightings  equal  to  the  CLE. 
photopic  spectral  luminosity  function  (i.e.  yX);  this  dimension  was  labled 
A  for  "achromatic".  The  other  two  dimensions  were  linear  transformations 
of  the  color  mixture  primaries,  designed  to  have  spectral  weightings  cor- 
responding to  a  red-green  opponent  channel,  labeled  T  for  "tritanopic", 
and  weightings  corresponding  to  a  blue-  yellow  opponent  channel,  labeled 
D  for  "deuteranopic".  These  transformations  were  constrained  to  have  T 
cross  from  negative  to  positive  values  at  575nm  (unique  yellow)  and  to 
have  D  cross  from  positive  to  negative  values  at  502nm  (unique  green). 
Also,  the  transformations  were  constrained  to  provide  good  predictions  of 
the  original  additivity  failure  data.  The  resulting  spectral  loadings  of  the 
vector  model  are  illustrated  in  Figure  lb  are  defined  by  the  linear  trans- 
formation of  the  color  mixture  primaries 
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Guth's  vector  model  may  be  regarded  as  a  smoothed  and  rotated  version 
of  his  original  heterochromatic  threshold  additivity  failure  data  space,  viz. 
A,  B,  C.  Thus,  the  features  built  into  the  data  space,  threshold  addihvity 
failures  and  threshold  spectral  sensitivity,  are  preserved  in  the  highly- 
constrained  vector  model. 

Guth  recognized  that  the  A,  T,  D  terms  could  be  expressed  as  a  linear 
transformation  of  the  foveal  receptor  primaries,  and  Massof  ^  Irigling  and 
Tsou"^,  and  Guth,  Massof,  and  Benzschaw^eP  described  models  that  explic- 
itly incorporated  receptor  terms.  That  is,  the  foveal  receptor  primaries  (R, 
G,  B)  are  a  linear  transformation  of  the  color-mixture  primaries  (X,  Y,  Z).^^ 
Since  the  A,  T,  D  values  are  a  linear  transformation  of  the  color-mixture 
primaries.  A,  T,  D  must  be  a  linear  transformation  of  R,  G,  B.  This  rec- 
ognition led  to  physiologically  plausible  interpretations  of  the  vector  model 
using  wiring  diagrams  such  as  the  one  illustrated  in  Figure  2. 

Ingling  and  Tsou*  and  Guth,  Massof,  and  BenzschaweP  extended  the 
predictions  of  the  vector  model  to  a  variety  of  t.v.  X.  functions  on  adapting 
backgrounds  of  different  luminances  and  spectral  compositions.  These  pre- 
dictions were  accomplished  simply  by  altering  the  values  of  the  matrix 
coefficients  in  Eq.  (1).  These  theorists  also  attempted  to  account  for  color 
appearance,  wavelength  discrimination,  and  saturation  discrimination  us- 
ing the  vector  model.  These  latter  accounts  required  the  invention  of  ad 
hoc  operations,  in  addition  to  the  operations  represented  by  equations  (1) 
and  (2);  such  ad  hoc  operations  will  be  discussed  later  in  this  paper.  First, 
we  will  turn  our  attention  to  the  theoretical  analyses  of  the  two  operations 
of  the  Guth-Ingling  vector  model,  Eqs.  (1)  and  (2),  that  lead  to  such  suc- 
cessful quantitative  predictions. 


Linear  Transformation  of  the  Color  Mixture  Primaries 

We  begin  with  the  general  theory  of  color  vision  detailed  in  earlier 
papers. ^^^^^  To  briefly  review,  the  general  theory  is  built  on  four  principal 
assumptions:  1)  visual  sensation  componency  (e.g.  Hering  opponent  col- 
ors), 2)  quantum  absorption  componency  (e.g.  R,  G,  B  cones),  3)  unique 
mapping  of  physical  space-time  onto  sensory  space-time,  and  4)  psycho- 
neural  congruency  (i.e.  visual  sensations  arise  from  physiological  opera- 
tions on  light  absorptions).  These  four  assumptions  are  made  explicit  in 
the  general  equation 
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y{t\x',y')  =  ^[Q{t,x,y)]  (6) 

where  V  is  the  visual  sensation  vector,  with  components  that  are  functions 
of  sensory  time  and  space  coordinates  (f ,  x\  y'),  Q  is  the  quantum  ab- 
sorption vector,  with  components  that  are  functions  of  physical  time  and 
space  coordinates  {t,  x,  y),  and  cj)  is  the  vector  of  physiological  space-time 
operators  that  transform  the  light  absorption  vector  field  into  the  visual 
sensation  vector  field.* 

For  discussion  purposes,  consider  a  general  visual  discrimination  ex- 
periment often  employed  in  color  vision  research:  a  steady  and  uniform 
reference  stimulus  of  arbitrary  intensity  and  chromaticity  is  presented  to 
a  specified  retinal  locus;  a  difference  threshold  is  measured  by  asking  the 
observer  to  detect  the  difference  between  the  reference  stimulus  and  a 
steady  and  uniform  test  stimulus  of  variable  intensity  and  chromaticity  (in 
the  case  of  an  increment  threshold,  the  test  stimulus  might  represent  a 
physical  change  in  some  part  of  the  reference  stimulus).  Examples  of  such 
experiments  include  absolute,  increment,  and  decrement  threshold  meas- 
ures, determinations  of  Stiles-type  threshold-versus-radiance  and  thresh- 
old-versus-wavelength  measures,  determinations  of  color  difference 
threshold,  absolute  and  increment  threshold  heterochromatic  additivity 
studies,  etc.  (This  general  visual  discrimination  experiment  may  be  con- 
sidered a  subset  of  Brindley's^^  class  A  experiments.)  Due  to  the  constraint 
of  steady  and  uniform  stimuli,  Eq.  (6)  reduces  to  the  space-time  constant 
functional  form 

V  =  ^Q)  (7) 

where  (\)  is  the  vector  of  nonlinear  functions  that  describes  the  transfor- 
mation of  Q  into  V  for  the  given  space-time  parameters.  Using  Guth's  A, 
T,  D  notation  for  the  sensory  components,  in  expanded  form  Eq.  (7)  be- 
comes 

Va  =  <^a{Qr,  Qg,  Qb)  (8a) 
Vt  =  <\>t{Qr.  Qg.  Qb)  (8b) 
Vd  =  (^d(Qr.  Qg.  Qb)  (8c) 
The  reference  stimulus  produces  the  quantum  absorption  vector  Qo, 
which  by  way  of  Eq.  (7)  yields  the  visual  sensation  vector  Vo.  The  test 
stimulus  produces  the  quantum  absorption  vector  Q^,  which  differs  from 
Qo  by  AQ.  Again,  by  way  of  Eq.  (7)  the  test  stimulus  produces  the  visual 
sensation  vector  Vi.  The  observer  is  instructed  to  determine  whether  V, 
and  Vo  are  the  same  or  different.  Thus,  the  observer  is  responding  to  the 
difference  between      and  Vo 


*  See  MassoP  for  an  in-depth  presentation  of  this  general  vision  theory  and  the  ensuing  derivat 
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AV  -  V,-V„  -(MQ,)    (MQo).  (9a) 
Substituting  Q,,  +  AQ  for  Q,  in  Ik].  (9a),  we  obtain  the  difference  equation 


AV  =  cf>(Q„  +  AQ) 
From  the  Taylor  series  expansion 


</.(Qo  +  AQ)  =  mo)  + 


■AQ  + 


KQu). 


oi 


(9b) 


10) 


c/Q        ^  c/Q 

and  considering  only  small  differences.  Eq.  (9b)  can  be  replaced  by  the 
first  order  approximation 
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Being  reminded  that  we  are  partially  differentiating  a  vector  with  respect 
to  a  vector,  Eq.  (11a)  ,can  be  rewritten  as  the  system  of  linear  equations 


(lib) 


where  =  di^^^dQ,^,  etc.  Since  the  receptor  primaries  are  a  linear  trans- 
formation of  the  color  mixture  primaries,  Qr,  Qg,  and  Qb  are  a  linear  trans- 
formation of  the  color  mixture  tri-stimulus  values.  Thus,  recognizing  that 
A,  T,  and  D  must  be  perturbations  in  the  sensory  components  and  treating 
X,  y,  and  Z  as  perturbations  in  the  tristimulus  values,  Eq.  (lib)  is  identical 
to  Eq.  (!)=*• 

The  analysis  leading  to  Eq.  (11)  makes  explict  that  the  first  operation 
of  the  Guth-Ingling  vector  model,  the  linear  transformation  of  the  color 
mixture  primaries,  is  equivalent  to  employing  the  first-order  approximation 
of  Eq.  (10)  for  absolute  and  difference  threshold  experiments.  That  is,  the 
first  operation  of  the  Guth-Ingling  vector  model  is  valid  if  small  stimulus 
differences  effect  linearization  of  visual  processing  and  if  the  Guth-Ingling 
model  is  restricted  only  to  those  experiments  that  depend  upon  such  small 
stimulus  differences.  Thus,  this  analysis  would  lead  to  the  conclusion  that 
color-naming,  brightness  matching,  magnitude  estimation,  and  other  Brin- 
dley  class  B  experiments'^  are  formally  excluded  from  the  domain  of  the 
Guth-Ingling  vector  model.  The  matrix  coefficients  of  Eq.  (1)  are  seen  to 
be  determined  by  the  derivatives  of  the  nonlinear  functions,  cj),  at  the  point 
on  the  function  determined  by  the  reference  stimulus,  Qo-  Changes  in  the 
intensity  or  spectral  composition  of  the  reference  stimulus  necessarily  will 
produce  changes  in  Qo,  consequently  there  will  be  corresponding  changes 
in  the  values  of  the  derivatives,  i.e.  changes  in  the  matrix  coefficients. 


*  In  the  case  of  absolute  thresholds,  Q,,  is  zero  so  AQ  =  Qi  and  (AX,Ay,AZ)  =  (X|,y|,Zi). 
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Thus,  the  practice  of  altering  matrix  coefficients  to  account  for  different 
t.vA.  functions,  as  done  by  Guth,  Ingling  and  their  colleagues,^ is  valid 
in  principle  (although  at  present  unconstrained). 

Vector  Magnitude  as  Detectability 

As  part  of  his  derivation  of  the  vector  space  from  additivity  failure 
data,  Guth  defined  the  second  operation  of  the  Guth-Ingling  vector  model, 
Eq.  (2),  to  correspond  to  stimulus  detectability.  He  made  explicit  that  vec- 
tors of  equal  magnitude  corresponded  to  equally  detectable  stimuli  (e.g. 

=  1  in  eq.  (4a)  ).  Consequently,  the  definition  of  vector  magnitude  as 
detectability  was  made  an  inherent  part  of  the  original  vector  space. 

Kranda  and  King-Smith,^  in  the  presentation  of  their  version  of  a  nearly 
identical  vector  model  of  color  vision,  suggested  that  the  vector  magnitude 
operation  of  Eq.  (2)  was  a  special  case  of  probability  summation  and  could 
be  derived  from  an  empirical  approximation  presented  by  Quick.^o  Quick's 
approximation  to  probability  summation,  as  applied  to  the  Guth-Ingling 
vector  model,  is  i 

d  =  [a^-^  \  r  r+  |z)  r  (12) 

where  p  is  determined  from  the  slope  of  the  frequency-of-seeing  function. 
Kranda  and  King-Smith  employed  a  value  of  p  =  3.95  for  their  predictions. 
Although  Quick's  approximation  to  probability  summation  is  reasonable 
when  following  his  arguments,  the  idea  of  probability  summation  as  a  basis 
for  detection,  particularly  for  tasks  other  than  absolute  threshold,  is  un- 
reasonable. 

Using  the  notation  of  Eqs.  (8)-(ll),  probability  summation  entails  the 
assumption  that  V^,  Vj,  and  Vd  are  statistically  independent  and  that  all 
variability  in  sensation  is  associated  with  Vi;  there  is  no  variability  in  Vg. 
Thus,  probability  summation  assumes  that  the  observer  would  never  mis- 
takenly report  detecting  a  difference  between  the  test  and  reference  stimuli 
when  there  is  no  physical  difference,  i.e.  Qi  =  Qo-  Although  it  is  reasonable 
to  assume  statistical  independence  of  the  sensory  components,  it  is  un- 
reasonable to  assume  that  variability  only  is  associated  with  the  test  stim- 
ulus and  not  with  the  reference  stimulus. 

With  the  notable  exceptions  of  Buchsbaum  and  his  colleagues^!  23  ^nd 
Wandelp4,  ^^ere  has  been  relatively  little  application  of  the  theory  of  signal 
detection  to  problems  in  color  vision.  Probability  summation  is  a  very 
specific  detection  model  that  can  be  derived  from  the  more  general  theory 
of  signal  detection. Although  one  could  postulate  specific  alternative  mod- 
els to  probability  summation,  it  is  preferable  to  return  to  first  principles 
and  monitor  the  introduction  of  assumptions  required  for  the  derivation 
of  Eq.  (2).  In  this  way  we  will  have  full  knowledge  of  what  the  vector 
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model  entails  and  we  will  better  understand  the  sources  of  its  success  and 
the  limitations  on  its  performance. 

In  deriving  a  general  formulation  for  describing  an  observer's  per- 
formance in  a  visual  discrimination  or  detection  task,  we  begin  with  the 
assumption  that  there  are  random  fluctuations  in  the  visual  sensation  com- 
ponents {Va,  Vj,  Vd)-  These  sensory  fluctuations  could  be  dependent  upon 
the  visual  system  state  that  is  determined  by  Q.  Thus,  most  generally,  the 
fluctuations  in  the  visual  sensation  vector,  V,  will  be  represented  by  a  joint- 
conditional  probability  density  function,  /  (V  |  Q). 

The  specific  form  of  /  (V  |  Q)  is  unknown,  however,  in  most  instances 
a  Gaussian  density  function  willserve  as  a  good  approximation.  The  Gaus- 
sian approximation  follows  from  the  central  limit  theorem,  which  states 
that  the  sums  of  independent  random  variables  (irrespective  of  the  distri- 
butions) will  approximate  a  Gaussian  distribution.*  Employing  the  Gaus- 
sian approximation  then, 

/  (V  I  Q, )  =  (2^)"^  I  C,  I  [(V  -V'  ,  )C,-^(V-V, )  ]  (13) 

where  n  is  the  number  of  components  in  the  visual  sensation  vector  {n  = 
3  for  the  Guth-Ingling  vector  model),  |  |  is  the  determinant  of  the  co- 
variance  matrix  for  stimulus  condition  i  (determined  by  Q^),  Ci""  is  the 
inverse_of  the  covariance  matrix,  V  is  the  transpose  of  the  sensory  vector 
V  and  Vi  is  the  mean  value  of  the  sensory  vector  V,  given  stimulus  condition 
i.  The  covariance  matrix  includes  the  variances  of  each  sensory  vector 
component  (along  the  diagonal)  and  the  covariances  between  the  sensory 
vector  components  (in  the  off-diagonal  cells). 

Observers  can  employ  any  of  a  number  of  rules  in  deciding  what  their 
response  will  be  to  a  stimulus.  Some  rules  are  irrational,  some  are  rational 
but  non-optimal,  and  some  are  optimal.  All  optimal  rules  are  equivalent 
to  the  likelihood  ratio  test, 

'^""^^jwm-^  (14) 

which  says,  respond  "stimulus  1"  (e.g.  test)  if  the  likelihood  ratio  is  greater 
than  or  equal  to  some  criterion  p  and  respond  "stimulus  0"  (e.g.  reference) 
if  the  likelihood  ratio  is  less  than  p.  The  likihood  ratio  test  determines  the 
performance  boundaries,  i.e.  the  best  possible  performance,  or  the  worst 
possible  performance  if  the  responses  are  reversed.  Since  we  do  not  know 
the  observer's  actual  decision  rule,  we  will  assume  that  it  is  optimal,  and 
therefore  equivalent  to  the  likelihood  ratio  test  of  Eq.  (14). 


*  We  might  consider  ^  to  be  decomposible  into  many  suboperations  that  have  associated  random 
fluctuations.  If  the  fluctuations  are  relatively  small  then  linearization  might  be  effected  and  superposition 
could  lead  to  Gaussian-limited  behavior. 
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Figure  3.  The  ROC  curve  (solid  curve)  is  a  plot  of  the  covariance  of  the  probability  of  making 
a  true-positive  response  (i.e.  responding  Q,  when  Q,  was  presented)  with  the  probability  of 
making  a  false-positive  response  (i.e.  responding  Q,  when  Q,,  was  presented).  The  area  of 
the  ROC  curve  (shaded  area)  is  equal  to  the  probability  correct  in  a  two-alternative  forced- 
choice  detection  or  discrimiantion  task.  The  area  of  the  ROC  curve  is  a  nonparametric  index 
of  detectability  or  discriminability. 


Color  Vision  Theory 


111 


Before  continuing  with  the  derivation  of  the  detectability  definition  of 
Eq.  (2),  let  us  reiterate  the  new  assumptions  that  have  been  introduced. 
First,  we  assumed  that  given  static  and  uniform  stimulation  there  are  ran- 
dom fluctuations  in  the  visual  sensation  vector,  V,  which  may  depend 
upon  the  stimulus  conditions;  this  assumption  is  made  explicit  in  the  notion 
of  the  joint  conditional  probability  density  function,  /(V  |  Q).  Second,  given 
our  lack  of  specific  knowledge  of  the  form  of  /  (V  |  Q),  we  have  accepted 
the  Gaussian  approximation,  made  explicit  in  Eq.  (13);  the  Gaussian  ap- 
proximation was  accepted  on  the  strength  of  the  central  limit  theorem. 
Third,  we  have  assumed  that  the  observer's  decision  rule  is  optimal  and 
therefore  equivalent  to  the  likelihood  ratio  test  of  Eq.  (14). 

The  likelihood  ratio  in  eq.  (14)  will  have  an  associated  conditional 
probability  density  function,  g  [/(V)  |  Q].  Given  some  criterion  p,  the  prob- 
ability of  responding  when  is  presented  (true-positive  or  "hit"  rate) 
is 

Ptp  =  I  s\l(y)\Q:]dl{y)  (15) 

and  the  probability  of  responding  Q,  when  Qo  is  presented  (false-positive 
or  "false-alarm"  rate)  is 

Pfp  =  /i7[/(V)|Qo]^/(V)  (16) 

By  varying  the  decision  criterion  p  from  zero  to  infinity,  a  relative  operating 
characterisfic  (ROC)  curve  can  be  constructed.  As  shown  in  fig.  3,  the  ROC 
curve  is  a  plot  of  the  covariance  of  Pjp  and  P^p  as  a  function  of  p.  the  area 
of  the  ROC  curve  is  equal  to  the  probability  correct  in  a  two  alternative 
force-choice  task  and  is  a  nonparametric  index  of  the  discriminability  of 
Qu  from 

If  the  density  functions  that  determine  the  ROC  curve  are  Gaussian 
(for  our  example,  the  likelihood  ratio  density  functions,  g  [/(V)  |  Q]  are  not 
Gaussian),  then  Pjp  and  Ppp  can  be  transformed  to  z-scores,  Zjp  =  {x-\x^)/(j, 
and  Zpp  =  {x-^^)/(j^.  Since  both  z-scores  are  linear  with  x,  the  ROC  curve 
will  plot  as  a  straight  line 

If  ai  =  (To,  then 


Zpp 


(mi-/^o) 


(17a) 


Ztp  =  Zpp-d'  (17b) 

where  d'  =  {\x^,- Under  these  highly  constrained  conditions,  d' 
completely  specifies  the  ROC  curve  and  therefore  is  an  index  of  discri- 
minability between  the  density  functions. 

The  z-score  for  the  area  of  the  binormal  ROC  curve  is 

_  /^i-/io 
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which  is  the  distance  of  the  normal-deviate  ROC  from  the  origin  along  the 
perpendicular  to  the  ROC.  For  the  equal  variance  conditions,  (r,  =  (t,,,  eq. 
(18)  reduces  to 

</'  (19) 


-A 


v/2  • 


Consequently,      is  equivalent  to  d' .  However,  2^  is  more  general  than 
because  no  assumptions  are  made  about  (j,  and  o",,. 

In  order  to  employ  eq.  (18),  it  is  necessary  to  transform  /  (V)  to  a 
Gaussian-distributed  variable.  If  the  transformation  is  monotonic,  decisions 
based  on  the  new  variable  will  also  be  optimal  and  the  ROC  curve  will  be 
generated.  To  develop  the  argument,  consider  first  the  Gaussian  scalar 
variable  x,  conditionally  distributed  as 

A,)=  ^ 


The  likelihood  ratio  is 

/(x)  = 


(20) 


-1/2- 


f  \ho) 


-1/2 


(21) 


1  (a^-Mi! 


and  the  logarithm  of  the  likelihood  ratio  is 

<7o       1  i^-f^of 
L(i)  =  ln/(z)  =  ln-i+  i-i— ^  , 

The  log  likelihood  ratio  is  a  monotonic  function  of  the  likelihood  ratio, 
therefore  it  is  an  equivalent  decision  variable.  Thus,  the  ROC  curved  based 
on  L  (x)  will  be  identical  to  the  ROC  curve  based  on  /  (x). 
Equation  (22)  can  be  expanded  in  a  Taylor  series  about 


l(o  =  ^(/m)+ 


dx 


(23) 


or 


L  (a: )  =  In —  4-  —  — 


P  1-/^0 


(24) 


The  first-order  term  in  eq.  (24)  is  linear  with  x.  Since  linear  functions  of 
Gaussian  variables  are  Gaussian,  the  first-order  term  in  eq.  (24)  will  be 
Gaussian-distributed.  The  second-order  term  in  eq.  (24)  will  vanish  if  a, 
=  ao,  and  will  be  insignificant  unless  the  difference  between  a,  ^  and  ^ 
is  large.  Consequently,  to  the  first-order,  L  (x)  will  be  Gaussian-distributed. 
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Following  exactly  the  same  reasoning  from  eq.  (13)  and  (14),  the  log 
likelihood  ratio  for  the  visual  sensation  vector,  L(V),  will  be  approximately 
Gaussian-distributed  since  the  first-order  term  is  a  linear  function  of  V. 
The  magnitude  of  the  second-order  term  is  proportional  to  the  difference 
between  Q  ^  and  C{'^  (re.  eq.  13).  Thus,  if  Co  =  Ci  the  second-order  term 
will  vanish  and  L  (V)  will  be  Gaussian.  Under  these  first-order  assumptions, 
eq.  (18)  becomes 

E[L(V)|Q,]-E(L(V)|Qo] 


VVAfi  lL(V)|Qij4-  VAR  |L(V)|Qo) 


where  £fL(V)  |  QJ  is  the  expected  value  of  the  log  likelihood  ratio  given 
condition  /  and  VAR[L(V)  |       is  the  corresponding  variance. 

The  detectability  expression  for  the  Guth-Ingling  vector  model,  Eq. 
(2),  follows  from  Eq.  (25)  if  we  assume  that  the  covariance  matrices,  Cj  in 
Eq.  (13),  are  equal  and  diagonal. That  is,  C,  =  Co  and  the  sensory  vector 
components  are  statistically  independent,  i.e.  all  co variances  are  zero.  To 
see  this,  from  Eqs.  (13)  and  (14),  the  log  likelihood  ratio  is 

i-(V'-V',)Cr>(V-V,)  +|ln4^  (26) 


L  (V)  =  |-(V'-V'o)Co-'(V-Vo) 

From  the  statistical  independence  assumption. 


Co-'  = 


0 
0 


0 
0 


(27) 


and  from  the  assumption  that  C, 


Z,(V)  = 


C„,  Eq.  (26)  becomes 


(28) 


-f-  — ^  _ 
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Taking  the  expected  values  required  in  Eq.  (25),  we  obtain 


e[l(V)|Qo]  =  I 

.  ( 


+  21'-  V.   -  V, 


n 


(29a) 


^^0 


and 


e[l(v)|q,]  =  | 


1  0 


(29b) 


+ 


In  terms  of  expected  values,  the  variance  of  the  log  likelihood  ratio  distri- 
buHon,  given  Q,,  is 


VAR  [l  (V)  I  Q,.  ]  =  £  [l  (V)^  I  Q,  ]-£  [l  (V)  |  Q,-  ]' 


(30) 


which  under  assumption  of  equal  and  diagonal  covariance  matrices  (i.e. 
Eq.  (27)  and  C,  =  C„)  leads  to 


KAfl  [l(V)|Q,]=  VA/?[i,(V)|Qo] 


IVAr^'^f  {Vrr^rf  {v^r^D^ 


"T, 


Substituting  Eqs.  (29a),  (29b),  and  (31)  into  Eq.  (25)  we  obtain 


2 


which  from  Eqs.  (9a)  and  (19)  reduces  to 

AK^=     ^Vf  AlV 


1/2 


(31) 


(32a) 


(32b) 
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Equation  (32b)  is  identical  to  Eq.  (2),  the  second  operation  of  the  Guth- 
Ingling  vector  model,  if  the  standard  deviations  (^/o»<^ro'CrDo)  are  regarded 
to  be  implicit  in  the  transformation  coefficients  of  Eq.  (1).* 

It  is  important  to  remember  that  two  specific  assumptions  were  re- 
quired to  achieve  Eq.  (32):  1)  the  covariance  matrices  are  equal  and  2)  the 
visual  sensation  vector  components  are  statistically  independent.  The  as- 
sumption of  equal  covariance  matrices  is  equivalent  to  assuming  that  var- 
iability in  sensation  arises  from  an  added  noise  source.  The  assumption 
that  the  sensory  vector  components  are  independent  is  implicit  in  Guth's 
use  of  the  factor  analysis  in  his  derivation  of  the  vector  model  from  het- 
erochromatic  luminance  additivity  failure  data.'^ 

Limitation  on  Applications  of  the  Guth-Ingling  Vector  Model 

The  assumptions  required  for  the  derivation  of  the  Guth-Ingling  vector 
model  must  be  regarded  as  first-order  approximations.  For  example,  the 
assumption  of  equal  convariance  matrices  is  in  conflict  with  the  conclusions 
drawn  from  past  studies  of  vision  ROC  curves. 2«  3"  However,  we  may  regard 
the  equal  covariance  matrices  assumption  to  be  an  approximation  which 
would  be  equivalent  to  replacing  both  Co  and  C^  in  Eq.  (26)  with  the  average 
matrix.  Also,  to  the  extent  that  the  R,  G,  B  cones  contribute  to  all  three 
sensory  components,  and  considering  global  physiological  variations  that 
may  affect  the  entire  visual  system,  it  is  unlikely  that  the  three  sensory 
components  are  statistically  independent.  Yet,  we  can  accept  the  assump- 
tion of  statistical  independence  among  sensory  components  if  we  regard 
that  assumption  to  be  equivalent  to  a  transformation  of  the  components 
that  would  diagonalize  the  covariance  matrices  (that  is,  the  covariance 
terms  would  be  implicit  in  the  derived  matrix  coefficients,  jj  in  Eq.  (lib)  ). 
The  other  assumptions,  viz.  linearization,  Gaussian  approximation,  and 
likelihood  ratio  observer  also  are  likely  to  fail  under  close  scrutiny;  never- 
theless, they  are  acceptable  as  first-order  descriptions. 

The  predictions  of  the  Guth-Ingling  vector  model  typically  are  com- 
pared to  data  that  are  averaged  across  several  observers.  Such  data  usually 
are  means  of  average  individual  observations.  It  probably  is  safe  to  assume 
that  for  such  data  between-observer  variability  will  outweigh  within-ob- 
server  variability.  If  so,  individual  departures  from  the  first-order  assump- 
tions required  for  the  derivation  of  the  Guth-Ingling  vector  model  would 
be  averaged  out.  This  "averaging-ouf '  of  higher-order  terms  would  lead 
to  an  improved  performance  of  the  first-order  assumptions.  Thus,  the 


*  Eq.  (32)  also  follows  from  Prucnal's  general  performance  parameter,  given  the  same  assumptions. 27 


116 


Robert  W.  Mnssof 


Figure  4.  Visual  sensation  geometry  with  axes  representing  Hering  elemental  color  sensa- 
tions: white  (y^),  red  or  green  (V,),  and  blue  or  yellow  (Vp).  The  reference  stimulus  produces 
the  visual  sensation  represented  by  the  origin-bound  vector.  The  saturation  of  the  reference 
stimulus  is  represented  by  the  angle  t  hue  is  represented  by  the  angle  t],  and  brightness  is 
represented  by  the  magnitude  of  the  vector.  The  reference  stimulus  (head  of  the  vector) 
defines  the  origin  of  a  subspace  (set  of  coordinates  at  the  head  of  the  vector)  representing 
perturbations  in  visual  sensation.  Within  limits  (represented  by  the  sphere),  distances  in  the 
subspace  can  be  computed  from  basis  vectors  that  are  approximated  by  linear  transformations 
of  stimulus  perturbations.  Distance  from  the  subspace  origin  corresponds  to  d' .  Increment 
thresholds  are  represented  by  d'  vectors  above  the  AV,,  AV,,  plan  and  decrement  thresholds 
are  represented  by  d'  vectors  below  the  AV,,  AV,  plane.  Color  discriminations  are  represented 
by  d'  vectors  in  the  AV,,  AV,  plane. 
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Guth-Ingling  vector  model  is  likely  to  rest  on  a  theoretically  sound  foun- 
dation when  applied  to  the  threshold  and  discrimination  data  of  the  "av- 
erage observer." 

To  understand  the  limitations  on  the  Guth-Ingling  vector  model  it  is 
useful  to  employ  graphical  representations  of  the  above  analysis.  Granted 
the  assumptions  leading  to  Eqs.  (lib)  and  (32b),  the  Guth-Ingling  vector 
model  can  be  thought  of  as  a  subspace  of  a  geometry  for  visual  sensation, 
a  geometry  that  is  built  on  the  visual  sensory  components,  V^,  Vj,  V^. 
Figure  4  graphically  illustrates  this  concept. 

The  "red-green"  opponent  colors  are  represented  by  opposite  poles 
of  one  bipolar  dimension  {Vj),  the  "blue-yellow"  opponent  colors  are  rep- 
resented by  opposite  poles  of  a  second  bipolar  dimension  {Vo),  and  "white" 
is  represented  by  a  third  monopolar  dimension  {V^)  (we  will  ignore  "black" 
in  this  presentation).  Within  this  scheme,  the  visual  sensation  produced 
by  the  reference  stimulus  is  represented  by  a  visual  sensation  vector, 
Vector  magnitude  is  a  monotonic  function  of  brightness,  and  the  two  angles 
that  specify  vector  direction  correspond  to  the  components  of  color;  the 
polar  angle  C  is  a  monotonic  function  of  saturation  and  the  azimuthal  angle 
T]  is  a  monotonic  function  of  hue. 

The  visual  sensation  produced  by  the  reference  stimulus  corresponds 
to  a  point  in  this  3-space  that  is  determined  by  V^^,  V^^,  and  V^o  (the  head 
of  the  vector).  This  point  in  turn,  would  define  the  origin  of  a  subspace. 
The  axes  of  the  subspace  would  be  parallel  to  the  sensory  axes  and  would 
represent  perturbations  of  the  sensory  components,  ^V^,  ^VJ,  AV^.  The 
detectability  of  the  sensor  perturbation,  d' ,  would  correspond  to  the  mag- 
nitude of  an  origin-bound  vector  in  this  subspace.  The  boundaries  of  the 
subspace  (represented  by  the  sphere  in  fig.  4)  would  represent  the  limits 
of  linearization.  That  is,  all  points  within  the  sphere  could  be  determined, 
within  acceptable  limits,  by  the  linearization.  That  is,  all  points  within  the 
sphere  could  be  determined,  within  acceptable  limits,  by  the  linear  equa- 
tions of  Eq.  (lib). 

The  complete  Guth-Ingling  subspace  would  provide  for  both  negative 
and  positive  values  on  ^V^,  although  the  white  sensory  component,  ^V^, 
may  be  always  positive.  Points  within  the  sphere  below  the  AV^,  AV^^  plane 
would  correspond  to  decrement  thresholds,  points  above  the  ^VJ,  LV^ 
plane  would  correspond  to  increment  thresholds.  Points  on  the  ^vl, 
plan  would  correspond  to  color  discrimination  thresholds  about  the  ref- 
erence stimulus  and  points  along  the  principal  ray  through  the  subspace 
origin,  which  may  be  considered  an  extension  of  the  vector  representing 
the  reference  stimulus  sensation,  would  correspond  to  homochromatic 
brightness  discriminations.  Because  of  the  limits  on  linearization,  the  ex- 
planatory domain  of  the  Guth-Ingling  vector  model  is  restricted  to  the 
volume  of  the  Guth-Ingling  subspace.  That  is,  the  Guth-Ingling  vector 
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model  cannot  legitimately  be  applied  to  experiments  that  entail  points 
outside  of  the  bounded  subspace.  This  limitation  is  not  a  property  of  the 
geometry,  it  is  a  property  of  the  nonlinear  functions,  c|)  in  Eq.  (7)  and  (8), 
that  characterize  the  visual  system's  transformation  of  light  absorption  by 
the  visual  pigments  to  visual  sensation. 

Brightness  Matching  and  Luminance 

Guth,  Ingling  and  their  colleagues  defined  brightness  as  vector  mag- 
nitude in  their  models  for  the  purpose  of  generating  predictions  of  het- 
erochromantic  brightness  matching  spectral  sensitivity  and  generating 
predictions  of  brightness-(and  lightness)-to-luminance  ratios/  The  defini- 
tion of  brightness  necessarily  entails  the  strong,  and  erroneous  assumption 
that  brightness  is  linear  with  stimulus  intensity.  The  success  of  the  Guth- 
Ingling  vector  model  in  accounting  for  heterochromatic  brightness-match- 
ing spectral  sensitivity  is  a  consequence  of  the  coincidental  similarity  be- 
tween brightness-matching  spectral  sensitivity  data  and  absolute  threshold 
spectral  sensitivity  data.^  The  Guth-Ingling  vector  model  legitmately  ac- 
counts for  only  the  absolute  threshold  spectral  sensitivity  data.  Because 
heterochromatic  brightness  matching  involves  large  sensory  differences 
between  the  reference  and  comparison  stimuli  (they  are  different  colors), 
linearization  fails;  consequently,  heterochromatic  brightness  matching 
measures  fall  outside  the  domain  of  the  Guth-Ingling  vector  model. 

Guth  and  Ingling  both  defined  the  A  component  of  their  models  to  be 
equal  to  luminance.  In  terms  of  Eq.  (lib),  this  means  that  AV^  =  a,AY. 
This  is,  irrespective  of  the  reference  stimulus,  AX  and  AZ  do  not  contribute 
to  Ay^\however,  a.^  will  depend  on  Qo).  Since  this  definition  is  in  keeping 
with  the  structure  of  the  vector  model,  it  is  theoretically  legitimate,  although 
arbitrary.  As  for  spectral  sensitivity,  predictions  of  spectral  brightness-to- 
luminance  ratios  are  a  property  of  the  similarity  between  absolute  threshold 
spectral  sensitivity  data  and  brightness  matching  spectral  sensitivity  data, 
not  a  property  of  the  model.  Failure  of  linearization  makes  such  prediction 
illegitimate.  The  vector  model  predictions  of  non-spectral  lightness-to-lu- 
minance ratios  (using  brightness-to-luminance  equations),  which  are  only 
qualitatively  successful  at  best,  also  are  illegitimate  since  linearization  fails 
under  these  experimental  conditions  as  well. 

Spectral  Hue-Names  and  Saturation 

Guth,  Massof  and  BenzschaweP  generated  predictions  of  apparent  hue 
and  apparent  saturation  as  a  function  of  wavelength.  These  predictions 
were  qualitatively  similar  to  the  spectral  color-naming  data  of  Boynton  and 
Gordon^i  ^^d  the  saturation  scaling  data  of  Indow  and  Stevens^^.  The  color- 
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naming  predictions  from  the  Guth-Ingling  vector  model  were  generated 
using  the  equations. 

91 R.,  or  Cree.=    ,„    'J^^'        ,  (33) 


and 

%  Blue  or  Yellow  = 


w  ID 


(34) 


where  the  weight,  w,  on  DX  was  set  to  4  or  12,  depending  on  the  data  set 
used  for  comparison.  The  saturation  scaling  predictions  were  generated 
from  the  equation 

c  4  s-  Chromatic  I  I  +  |  i^x  I  ,  x 
Saluralton  =   =   !         '      '     ^  '  (35) 

Ckromalic  -h  Achromatic  Ay-\-\T^\-\-\D'^\ 

Different  saturation  curves  were  generated  by  adjusting  relative  weights 
on  A,  r,  and  D. 

For  both  color-naming  and  saturation  scaling,  the  observer  is  asked  to 
assign  a  value  to  the  visual  sensation  produced  by  the  stimulus.  For  this 
experimental  paradigm,  Eq.  (7)  is  the  appropriate  description  of  the  trans- 
formation of  the  static  and  uniform  stimulus  into  the  static  and  uniform 
components  of  visual  sensation.  Extracting  color  names  or  saturation  scales 
involves  further  observer  operations  on  the  visual  sensation  components. 
However,  since  the  initial  transformation  entails  nonlinear  operations,  color- 
naming  and  saturation  scaling  data  do  not  meet  the  linearization  assump- 
tion required  by  the  Guth-Ingling  vector  model. 

In  graphical  terms,  each  stimulus  produces  a  different  vector  in  the 
Va,  ^r,  Vd  space  of  fig.  4  The  observer  is  instructed  to  assign  a  value  to 
the  visual  sensation  that  corresponds  to  the  angle  r\  in  the  case  of  color- 
naming,  or  to  the  angle  ^  in  the  case  of  saturation  scaling.  Since  no  li- 
nearized subspaces  are  involved  in  the  representation  of  these  scaling  tasks, 
such  experiments  fall  outside  the  domain  of  the  Guth-Ingling  vector  model 


Wavelength  Discrimination,  Saturation  Discrimination,  and  Chromaticity 
Discrimination 

Using  the  Guth-Ingling  vector  model,  Ingling  and  Tsou*  and  Guth, 
Massof,  and  BenzschaweP  published  predictions  of  wavelength  discrimi- 
nation and  saturation  discrimination;  Guth  et  al  also  published  predictions 
of  chromaticity  discrimination.  Such  discriminations  entail  just-noticeable- 
differences  between  the  test  and  reference  stimuli,  linearization  ought  to 
be  effected  and  therefore  wavelength  discrimination,  saturation  discrimi- 
nation, and  chromaticity  discrimination  ought  to  fall  within  the  domain  of 
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Reference  Stimulus 


Figure  5.  Same  as  figure  4  but  illustrating  two  different  Guth-Ingling  subspaces  corresponding 
to  two  different  reference  stimuli  (Qi  and  QO-  In  the  case  of  chroma ticity-discrimination 
ellipses,  each  ellipse  is  centered  on  a  different  reference  stimulus,  therefore,  each  ellipse 
would  be  computed  from  a  different  subspace.  Owing  to  visual  system  non-linearities,  each 
subspace  would  entail  a  different  system  of  linear  equahons  to  transform  stimulus  pertur- 
bations into  sensory  perturbations. 
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the  Guth-Ingling  vector  model.  Although  such  predictions  are  legitimate 
within  the  framework  of  the  theory,  Ingling,  Guth  and  their  colleagues 
employed  improper  operations  on  the  vector  model  in  their  attempts  to 
account  for  color  discrimination  data.  At  issue  is  the  way  the  reference 
stimulus  is  represented  within  the  vector  model. 

Although  different  specific  equations  were  used  to  account  for  different 
data  sets,  the  same  general  rule  was  used  by  Ingling  and  Guth  for  all  color 
discrimination  predictions.  Two  vectors  were  generated  in  the  A,  T,  D 
space,  one  for  the  reference  stimulus  and  one  for  the  comparison,  or  test 
stimulus.  If  the  heads  of  the  vectors  were  separated  by  a  criterion  distance, 
they  were  considered  to  represent  discriminably  different  stimuli.  Changes 
in  the  reference  stimulus,  in  the  case  of  chromaticity  discrimination  and 
wavelength  discrimination,  was  handled  by  generating  a  new  reference 
stimulus  vector  within  A,  T,  D  space  and  determining  the  value  of  the  test 
stimulus  that  corresponded  to  the  vector  that  was  a  criterion  distance  away. 

From  the  theoretical  derivation  of  the  Guth-Ingling  vector  model,  the 
reference  stimulus  would  always  correspond  to  the  origin  of  the  linear 
subspace  (i.e.  V^,,  Voo).  So,  as  illustrated  in  figure  5,  for  chromaticity 
discrimination  there  would  be  a  different  vector  in  V^,  Vj,  space  rep- 
resenting each  reference  stimulus  of  different  chromaticity.  A  Guth-Ingling 
subspace  would  be  defined  for  each  reference  stimulus,  with  its  origin  at 
the  head  of  the  respective  reference  sensation  vector.  Color  discrimination 
would  then  be  computed  as  distances  from  the  origin  of  the  subspace.  That 
is,  detectability  of  a  just-noticeable  difference  is  always  represented  by  the 
magnitude  of  an  origin-bound  vector.  Analytically,  this  explanation  means 
that  new  matrix  coefficients,  ^'  ,^  in  Eq.  (lib),  would  have  to  be  computed 
for  each  reference  stimulus  wavelength  in  wavelength  discrimination  and 
for  each  reference  stimulus  chromaticity  in  chromaticity  discrimination. 
This  conclusion  follows  from  linearization  of  Eq.  (9b)  for  different  values 
of  Qo  corresponding  to  different  reference  stimuli. 

In  summary,  the  Guth-Ingling  vector  model  is  formally  limited  to  gen- 
erating predictions  of  data  from  threshold  and  discrimination  tasks  that 
require  just-noticeable-differences  in  sensation.  Such  tasks  entail  small  sen- 
sory perturbations  that  are  likely  to  ensure  linearization.  In  contrast,  mag- 
nitude estimation,  color  scaling,  and  experiments  that  employ  large 
differences  between  comparison  and  test  stimuli  (e.g.  heterochromatic 
brightness  matching)  are  formally  excluded  from  the  explanatory  domain 
of  the  Guth-Ingling  vector  model.  In  the  case  of  threshold  and  discrimi- 
nation measures,  linearization  occurs  around  the  state  of  the  visual  system 
determined  by  the  reference  stimulus.  Therefore,  a  new  set  of  linear  coef- 
ficients in  the  vector  model  will  have  to  be  computed  for  each  reference 
stimulus.  The  assumptions  required  for  the  derivation  of  vector  magnitude 
as  representing  detectability  are  first-order  approximations  and  most  likely 
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are  satisfied  when  considering  the  pooled  data  of  several  observers.  Thus, 
application  of  the  Ciulh-lngling  vector  model  would  be  most  effective  for 
the  "average  observer." 

Discussion 

The  analysis  presented  here  shows  that  the  Guth-Ingling  vector  model 
implicitly  rests  on  a  firm  theoretical  foundation.  The  specific  assumptions 
required  for  the  derivation  of  the  Guth-Ingling  vector  model  are  first-order 
approximations  that  most  likely  are  satisfied  by  the  "average  observer." 
To  the  extent  that  experimental  conditions  satisfy  the  static  and  uniform 
constraint,  and  the  detection  or  discrimination  task  entails  small  sensory 
differences  that  would  effect  linearization,  application  of  the  Guth-Ingling 
vector  model  is  appropriate.  Indeed,  the  Guth-Ingling  vector  model  enjoys 
strong  theoretical  leverage  because  the  assumptions  are  explicit  and  rea- 
sonable. Superior  models  to  the  Guth-Ingling  vector  model  would  have  to 
entail  high-order  terms  in  the  theory,  such  as  more  specific  and  detailed 
covariance  matrices,  or  precise  definitions  of  non-Gaussian  sensory  density 
functions,  or  higher  order  terms  in  the  Taylor  series  expansions  of  the 
nonlinear  functions,  etc. 

This  paper  offers  only  the  structure  and  interpretation  of  a  color  de- 
tection and  discrimination  model,  it  does  not  offer  the  details.  For  appli- 
cation to  psychophysical  data,  it  will  be  necessary  to  invent  specific  nonlinear 
functions  for  c})^,  <\>rr  and  cj)^  in  Eqs.  (8a)-(8c).  Once  these  functions  are 
defined,  the  model  then  will  be  constrained  to  generate  predictions  of 
chromaticity  discrimination,  wavelength  discrimination,  saturation  dis- 
crimination, absolute  and  increment  threshold  spectral  sensitivities,  het- 
erochromatic.  Stiles-type,  threshold-versus-radiance  functions, 
heterochromatic  absolute  and  increment  threshold  additivity  failures,  etc., 
all  as  a  function  of  reference  stimulus  luminance  and  chromaticity.  Once 
the  nonlinear  functions  have  been  defined,  there  are  no  additional  degrees 
of  freedom  or  ad  hoc  operations  that  can  rescue  the  model  when  it  fails. 
Only  the  form  of  the  nonlinear  functions  or  the  parameters  in  the  nonlinear 
functions  can  be  adjusted  to  improve  the  performance  of  the  model. 

Other  operations  on  the  sensory  components  are  required  to  account 
for  color  appearance  and  brightness,  such  undefined  operations  and  the 
first-order  assumptions  entailed  by  the  Guth-Ingling  vector  model,  make 
it  advisable  to  extend  predictions  of  the  nonlinear  functions  to  data  sets 
outside  of  the  domain  of  the  Guth-Ingling  vector  model.  Such  predictions 
would  not  be  supported  by  theory. 

The  next  task  in  developing  applications  of  the  general  theory  is  to 
explore  interrelationships  among  various  color  detection  and  discrimina- 
tion data  sets.  Spatial  and  temporal  boundaries  must  be  set  on  the  static 
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and  uniform  constraint,  since  different  data  sets  obtained  with  different 
spatial  and  temporal  parameters  theoretically  may  not  be  comparable.  Also, 
color  discriminations  have  long  been  modeled  geometrically  through  the 
use  of  line  elements.  Through  derivations  similar  to  those  described  in  the 
present  paper,  line  elements  can  be  derived  from  the  general  theory. ^3  Such 
derivations  provide  insight  into  the  nature  of  metric  coefficients  of  various 
line  elements,  the  assumptions  implied  by  specific  line  element  models, 
and  the  formal  connections  of  line  element  models  to  the  Guth-Ingling 
vector  models. 
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ABSTRACT.  Familiar  light  sources  vary  in  the  solid  angle  they  subtend 
by  a  factor  of  100,000  or  more.  Large  lights  hamper  a  person  reading  in 
the  attempt  to  avoid  veiling  reflections  on  her  book,  as  the  chapter  shows 
in  detail.  The  answer  to  veiling  reflections  is  to  have  a  dark  area  at  the 
mirror  angle  with  respect  to  the  eye.  A  method  is  developed  to  quantify 
veiling  reflection  amplitude,  based  on  thought  experiments  in  which  a  black 
glass  sits  next  to  diffusely  reflecting  white  surface.  Two  conclusions  are 
that  veiling  reflections  are  never  negligible  and  that  the  "dark  area"  should 
be  dark  compared  to  the  illuminated  white  surface.  When  a  light  source 
is  small,  veiling  reflections  are  traded  for  highlights,  which  can  greafly 
increase  the  dynamic  range  of  a  scene.  This  leads  to  the  conclusion  that  a 
scene  diffusely  lighted  with  light  of  mediocre  color  rendering  looks  washed 
out  because  it  is  washed  out. 
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Introduction 

The  size  of  the  light  source  illuminating  a  scene  affects  the  strength 
of  shading  on  object  surfaces,  the  sharpness  of  cast  shadows,  and  the 
nature  of  reflections  from  shiny  or  glossy  surfaces.  These  fairly  obvious 
effects  are  not  discussed  systematically  in  traditional  lighting  textbooks. 
This  chapter  will  attempt  an  orderly  discussion  of  one  segment  of  these 
effects:  source  size  and  its  effects  on  veiling  reflections  and  highlights. 

Familiar  light  sources  vary  by  a  factor  of  about  10^  in  the  bright  solid 
angle  they  present.  Table  1  ranks  a  number  of  sources  according  to  the 
solid  angle  subtended  by  their  bright  areas,  based  on  simple  measurements 
and  calculations.  For  instance,  the  filament  area  for  the  unfrosted  60  W 
bulb  is  calculated  from  the  observation  that  the  coiled  coil  appears  to  be  1 
mm  diameter  by  20  mm  long.  Obviously,  the  choice  of  two  meters  distance 
for  the  individual  electric  lights  is  arbitrary  and  affects  their  comparison 
with  the  sun  and  the  luminous  ceiling.  Nevertheless,  the  range  of  variation 
is  great. 

Table  1,  Bright  Areas  of  Light  Sources. 


Light  Source 

Bright  Area, 

Solid  Angle  at  2  m 
distance,  microsteradians 

Unfrosted  60  W 
incand.  bulb 

2.0x10-^ 

5 

The  Sun  (distance  = 
93,000,000  miles) 

1.5xl0^« 

67 

Ordinary  frosted 
incand.  60  W  bulb 

3. 1x10  4 

79 

Soft  White  60  W 
incand.  bulb 

2.4x10-^ 

590 

F40T12  fluorescent 
tube 

4.6x10.2 

12000 

Luminous  ceiling, 
extending  to  oo 
(277  steradians) 

many 

6,300,000 
(277  million) 
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From  one  type  of  incandescent  bulb  to  the  next,  bright  area  increases 
by  a  factor  of  about  ten,  and  the  effects  of  these  differences  are  sufficient 
that  all  three  types  are  sold  in  supermarkets.  The  transitions  to  one  flu- 
orescent tube  and  then  to  the  luminous  ceiling  increase  area  by  further 
factors  of  20  and  500.  Practical  lighting  designers  know  that  small  sources 
give  a  scene  "sparkle"  while  large  ones  give  veiling  reflections  and  other 
problems. 

How  Big  is  Too  Big? 

To  model  the  task  of  avoiding  veiling  reflections,  let  us  assume  that 
an  observer  is  reading  a  book  on  very  shiny  paper.  In  fact,  let  us  assume 
that  the  book  is  a  flat  mirror.  To  simplify  calculations,  let  us  assume  a 
circular  light  source  and  a  circular  book  that  can  be  tipped  through  any 
angle,  about  any  axis  of  tipping  (Figure  1).  I  have  run  a  computer  simulation 
of  this  entire  three-dimensional  problem,  finding  just  how  far  the  book 
must  be  tipped,  as  a  function  of  the  direction  in  which  it  is  tipped.  Running 
this  complicated  simulation  shows  that  the  book  should  always  be  tipped 
away  from  the  light,  with  the  normal  to  the  book  remaining  in  the  plane 
established  by  the  eyes,  the  book,  and  the  light.  This  means  that  a  simpler 
sketch  and  calculation  are  adequate  for  finding  how  far  to  tip  the  book 
(Figure  2). 

This  analysis  leads  to  Equation  (1): 

cd  sin(il/-F2(3)  -  bd  cos(P)  -cb  cos(i|i  +  P)  =  0  (1) 

The  symbols  are  defined  by  Figure  2.  While  it  is  not  readily  possible  to 
solve  this  equafion  for  (3,  a  numerical  solution  of  it  is  much  simpler  than 
the  previous  computer  simulation. 

Figure  3  shows  angle  of  tip  versus  luminaire  size  for  two  sizes  of  book. 
The  curves  are  not  quite  straight.  There  are  no  stunning  surprises  here, 
just  a  quantitative  statement  of  the  fact  that  the  bigger  the  light  is,  the 
farther  you  have  to  tip  the  book.  How  big  is  too  big?  The  answer  depends 
on  such  factors  as  the  reader's  freedom  to  re-posifion  himself,  but  Equation 
(1)  is  a  step  toward  understanding.  More  needs  to  be  done  in  studying 
veiling  reflections  by  simple  examples  and  the  methods  of  geometrical 
optics. 

How  Dark  Is  Dark  Enough? 

Although  a  person  will  attempt  to  move  the  light-source  image  off  of 
his  book,  there  is  always  something  at  the  mirror  angle  with  respect  to  the 
eyes.  That  something  should  be  a  dark  surface.  To  say  how  dark  this  surface 
must  be,  we  should  first  understand  how  veiling  reflections  arise. 

Figure  4  presents  a  classic  textbook  picture  of  pigmented  dielectric 
surfaces.  Each  colored  material  is  considered  to  consist  of  a  colorless  di- 
electric medium  with  colored  pigment  granules  in  it.  Although  this  model 


Veiling  Reflections 


129 


130 


James  A.  Worthey 


P 


Figure  2.  Two-dimensional  version  of  Figure  1.  The  eye  and  luminaire  are  in  the  x-y  plane. 
The  book  has  width  2b  and  the  normal  to  the  book  coincides  with  the  y-axis.  Angle  p  is  the 
semi-subtense  of  the  luminaire,  while  the  eye  is  an  angle  (j)  from  the  luminaire  center,  and 
an  angle  p  from  the  normal  to  the  book.  The  luminaire  is  a  distance  a  from  the  origin,  while 
the  eye  is  a  distance  d.  Two  convenient  auxiliary  variables  are  \\i  and  c. 
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Figure  3.  Angle  of  tip  p  versus  the  luminaire  size  parameter  p,  for  two  values  of  the  book 
radius  b.  These  curves,  computed  by  numerical  solution  of  Equation  (1),  are  not  quite  straight 
lines.  Here,  the  luminaire  is  over  the  shoulder  (4)  =  30°). 
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is  known  to  be  oversimplified,  it  gives  a  basic  understanding  of  how  ligiit 
is  reflected  from  most  non-metallic  objects.  A  fraction  of  this  incident  light 
is  reflected  at  the  surface  because  of  the  change  in  index  of  refraction  there. 
The  exact  amount  reflected  depends  on  the  surface's  refractive  index,  the 
angle  of  incidence,  and  the  polarization  of  the  light'  However,  if  we 
assume  a  "textbook"  refractive  index  value  of  n  -  1.50,  unpolarized  light, 
and  incidence  not  too  far  from  perpendicular,  we  can  put  aside  the  details 
and  say  that  the  surface  reflects  four  percent  of  the  incident  light. 

In  Figure  4,  the  more  interesting  case  is  the  one  on  the  left,  the  shiny 
plastic.  Because  the  surface  is  shiny,  the  incoming  ray  gives  rise  to  one 
outgoing  ray  governed  by  the  usual  mirror  relation:  angle  of  reflection 
equals  angle  of  incidence.  This  reflection  creates  an  image  of  the  light  which 
has  the  color  of  the  light,  not  the  color  of  the  object.  In  the  usual  practical 
case,  the  light  source  is  white.  If  the  source  is  small,  its  image  will  be  a 
small  but  bright  highlight.  If  the  source  is  large,  its  image  will  be  large  and 
dim,  and  it  will  be  a  "veiling  reflection." 

The  96  percent  of  the  incident  light  that  is  not  reflected  at  the  surface 
bounces  around  among  the  pigment  particles,  so  that  part  of  it  eventually 
scatters  back  out.  This  so-called  body  reflection  differs  from  the  surface 
reflection  in  two  respects:  it  has  a  color  determined  by  the  pigment,  and 
it  is  diffuse,  rather  than  directional.  The  diffusely  reflected  light  conveys 
the  color  that  is  characteristic  of  the  object.  If  the  surface  contains  pictures 
or  print,  those  are  also  part  of  the  body  reflection.  The  highlight  is  always 
white,  so  it's  not  a  source  of  color  information  about  the  object,  though  it 
probably  is  a  source  of  information  concerning  object  shape. 

The  rough  object  on  the  right  in  Figure  4  is  less  interesting,  because 
the  surface  and  body  reflection  are  both  diffuse.  Highlights  are  absent, 
while  there  is  a  permanent  veiling  reflection  that  represents  about  four 
percent  of  the  incident  light,  scattered  in  all  directions.  This  veil  of  white 
light  limits  the  extremes  of  black  and  deep  color  that  rough  surfaces  can 
display. 

Veiling  Reflection  Relative  to  White 

Let  us  now  look  at  the  effect  of  luminaire  size  in  an  idealized  case 
which  expresses  the  essence  of  the  veiling  reflection  problem.  In  order  to 
do  this  thought-experiment,  we  need  the  thought-apparatus  of  Figure  5. 

This  apparatus  consists  of  a  flat,  shiny  black  piece  of  glass  next  to  a 
diffusely  reflecting  perfect  white  surface.  Let  us  assume  that  there  is  one 
circular  light  source  centered  over  the  black-and-white  display,  and  the 
observer  is  looking  down  on  it.  The  observer's  head  is  small,  and  things 
are  misaligned  enough  that  he  doesn't  cast  a  shadow  on  the  white  or  see 
his  own  reflection  in  the  black.  The  only  luminance  seen  in  the  glass  is  the 
mirror-image  of  the  source;  this  image  has  four  percent  the  luminance  of 
the  source  itself.  By  formulas  that  are  in  the  handbooks,  the  luminance  of 
the  white  surface  can  be  calculated  in  terms  of  the  source  luminance  and 
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Figure  4.  Classic  textbook  representations  showing  the  role  of  surface  reflections  in  light 
reflections  from  non-metallic  objects.  Whether  the  object  is  rough  or  smooth,  approximately 
four  percent  of  the  incident  ray  is  reflected  at  the  surface  with  little  color  change.  When  the 
surface  is  smooth,  this  reflection  is  specular  (mirror-like)  and  the  eye  can  distinguish  it  from 
the  diffuse  but  colored  reflection  by  the  pigment  granules.  When  the  surface  is  rough,  the 
surface  reflection  is  diffuse  and  merges  with  the  "body"  reflection  from  the  pigment.  These 
drawings  are  adapted  from  one  in  Richard  S.  Hunter's  classic  book,  the  Measurement  of 
Appearance^. 


Figure  5.  Idealized  apparatus  for  "thought-experiments"  concerning  veiling  reflections.  A 
test  object  consists  of  a  flat  piece  of  black  glass  mounted  next  to  a  diffusely-reflecting  ("Lam- 
bertian")  white  surface.  In  the  basic  thought-experiment,  the  test  object  is  positioned  under 
a  circular  luminaire,  and  the  luminance  of  the  luminaire's  reflection  in  the  black  glass  is 
compared  to  the  luminance  of  the  white. 
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the  semi-subtense  p.  Then  if  we  calculate  the  gray  level  of  the  black  glass — 
its  luminance  divided  by  that  of  the  white  surface— we  get  a  formula  that's 
independent  of  source  luminance: 

g  =  fj  sin2(p)  (2) 
Here,  g  =  "gray  level"  of  the  glass,  p  =  semi-subtense  of  the  circular 
luminaire,  and    is  the  surface  reflectance  of  the  glass,  which  we  of  course 
take  to  be  0.04  (=  4%). 

Equation  (2)  is  graphed  in  Figure  6  as  log.ofe)  versus  p,  with  g  in 
percent.  As  p  reaches  90°,  meaning  that  the  light  source  becomes  a  hem- 
isphere, the  gray  level  becomes  four  percent.  This  is  the  minimum  veiling 
reflection  amplitude  due  to  a  uniform  source.  As  p  becomes  smaller  and 
smaller,  the  image  luminance  increases  without  limit,  meaning  that  high- 
lights due  to  small  light  sources  can  have  luminances  much  greater  than 
the  white. 

Nonlinearity  of  Lightness  Perception 

We  just  saw  that  if  the  viewer  does  not  avoid  the  veiling  reflection- 
get  it  off  the  task— the  minimum  luminance  it  can  have  is  four  percent  of 
white.  It  might  appear  that  four  percent  is  a  negligible  gray  level,  but  this 
is  not  so.  Four  percent  may  be  large  in  relation  to  the  gray  levels  of  details 
that  are  veiled.  Also,  the  eye  sees  blacks,  grays  and  whites  in  a  non-linear 
way,  such  that  the  bottom  few  percent  in  gray  level  are  of  major  importance 
to  perception,  while  the  top  few  percent  are  not. 

Practical  schemes  for  assigning  numbers  to  object  colors,  such  as  the 
Munsell  and  CIELAB  systems,  account  for  this  non-proportional  response. 
It  can  be  approximated  by  saying  that  perceived  lightness  is  proportional 
to  the  cube  root  of  gray  level.  In  the  Munsell  system,  the  four  percent 
veiling  reflection  corresponds  to  Munsell  value  2.3,  or  23  percent  of  the 
way  from  extreme  black  to  perfect  white. 

The  Three  Four-Percent  Rules 

We  have  now  stated  three  four-percent  rules: 

1.  At  a  shiny  air-dielectric  interface,  about  four  percent  of  an  incident 
light  beam  will  be  reflected.  ,  t  u  x  • 

2.  The  luminance  of  a  source  image  (veiling  reflection  or  highhght)  m 
a  shiny  dielectric  is  about  four  percent  of  the  source  luminance. 

3.  Under  hemispherical  lighting  (or  spherical,  for  that  matter),  the 
veiling  reflection  has  a  gray  level  of  four  percent,  or  a  Munsell  value  of 
2.3. 

Veiling  Reflections  and  the  Color  Gamut 

We  have  computed  veiling  reflections  as  a  fraction  of  a  reference  white. 
Because  of  its  adaptive  ability,  the  eye  generally  sees  object  colors  in  relation 
to  a  reference  white — even  when  a  reference  white  is  not  in  the  field  of 
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Figure  6.  Logarithm  to  base  10  of  the  gray  level  of  black  glass,  as  a  function  of  the  luminaire 
size  parameter  p. 
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view."'  The  range  of  object  colors  thiU  can  be  seen  may  be  pictured  as  a 
"color  solid,"  with  white  at  the  top,  black  at  the  bottom,  andan  asymmetric 
curved  surface  bounding  the  most  saturated  colors  around  the  outside. 
Blacks,  grays,  and  whites  run  from  bottom  to  top  up  the  middle  of  the 
solid,  with  colors  becoming  increasingly  saturated  toward  the  outside. 

In  other  words,  to  make  a  color  solid,  you  first  establish  a  scheme  to 
describe  hue,  saturation  (  =  chroma)  and  lightness  (  =  value).  Then  you 
work  out  the  limits  on  saturation  as  a  function  of  value  for  each  hue.  The 
color  solid  will  display  such  basic  features  of  color  vision  as  the  fact  that 
the  most  saturated  yellows  are  light,  while  the  most  saturated  reds  and 
blues  are  dark.  An  illustrated  description  of  some  color-naming  schemes 
and  their  associated  color  solids  appears  with  the  entry  "color"  in  the 
American  Heritage  Dictionary^ 

One  way  to  determine  the  limits  of  saturation  is  simply  to  search  for 
examples  of  extreme  colors.  Michael  Pointer  did  this,  using  Illuminant  C 
as  the  reference  illuminant  and  CIELAB  as  his  color-quantification  schemed 
Using  the  cylindrical  polar  version  of  CIELAB,  he  reported  his  findings  as 
sets  of  points  in  constant-hue  planes,  for  every  ten  degrees  of  hue  angle. 

Starting  with  Pointer's  points,  I  calculated  the  effect  of  veiling  reflection 
on  each  limiting  color  point.  The  solid  lines  in  Figure  7  connect  Pointer's 
points.  The  chains  of  arrows  show  the  effect  of  veiling  reflections  in  suc- 
cessive increments  of  four  percent. 

Figure  7  shows  only  four  constant-hue  planes,  but  similar  graphs  were 
computed  for  each  ten  degrees  in  hue  angle.  The  net  effect  of  veiling 
reflections  is  to  reduce  the  volume  of  the  color  solid.  Table  2,  calculated 
from  the  complete  sets  of  computed  points,  shows  how  the  volume  of  the 
color  solid— the  range  of  colors  available— is  reduced  by  veiling  reflection. 


Table  2,  Volume  of  Color  Solid  as  a  Function  of  Veiling  Luminance 

Veiling  Reflection,  Relative  Volume  of  Color 

As  Percent  of  White  Solid,  as  Percent. 

0  %  100% 

4  63 

8  46 

12  35 

16  28 


From  this  table  we  see  that  a  four  percent  veiling  reflection,  the  veiling 
luminance  expected  under  spherical  lighting,  causes  a  37  percent  reduction 
in  the  range  of  colors  seen. 


The  Matte  versus  Glossy  Issue,  Again 

It  was  stated  earlier  that  a  matte  surface  gives  a  fixed  level  of  veiling 
reflections,  comparable  to  that  under  spherical  lighting,  or  four  percent  of 
white.  From  Figure  7,  we  see  that  this  leads  to  a  considerable  loss  of  dark, 
saturated  colors — the  colors  that  artists  call  "deep." 
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Figure  7.  Reduction  in  the  range  of  lightness  and  saturation  of  surface  colors  due  to  veiling 
reflections.  Data  are  plotted  in  the  cylindrical-polar  version  of  the  CIELAB  uniform  color 
space,  at  four  selected  hue  angles  (h*).  Radial  coordinate  c*  represents  saturation,  while  axial 
coordinate  L*  is  a  measure  of  lightness.  The  solid  lines  represent  the  limits  attainable  with 
real  pigments,  according  to  Pointer^.  Chains  of  arrows  show  successive  shifts  as  veiling 
reflection  is  increased  to  4%,  8%,  12%,  and  16%  of  white.  At  these  selected  hue  angles,  the 
shifts  stay  in  the  constant-hue  plane,  but  at  other  h*  values,  they  don't.  At  all  hue  angles, 
including  those  not  shown,  a  similar  systematic  loss  of  saturation  and  of  lightness  range 
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The  decrease  in  possible  saturation  of  colors  can  be  seen  in  the  dif- 
ferences between  the  matte  and  glossy  sets  of  Munsell  papers.  Munsell 
papers  are  a  commercially  available"  set  of  color-painted  papers  based  on 
the  Munsell  uniform  color  space'^ There  are  currently  about  1600  chips 
in  the  glossy  finish  collection,  but  only  1300  in  the  matte  finish  collection. 
Because  the  published  sets  are  not  uniformly  spaced  in  the  three-dimen- 
sional color  space,  these  numbers  are  not  a  direct  measure  of  the  volume 
of  glossy  and  matte  color  solids,  but  do  give  some  clue  as  to  the  practical 
loss  of  variety  in  matte  colors.  Since  Munsell  notation  is  inherently  a  cy- 
lindrical system,  similar  to  the  cylindrical  version  of  CIELAB,  the  nature 
of  the  matte-glossy  difference  can  be  exemplified  in  diagrams  at  constant 
hue,  similar  to  Figure  7.  Figure  8  shows  two  constant-hue  shces  through 
the  set  of  available  papers,  with  available  glossy  papers  denoted  by  rec- 
tangles. For  instance,  the  rightmost  rectangle  in  the  top  row  under  ''lOY" 
indicates  that  there  is  a  glossy  paper  for  notation  lOY  9/6.  (lOY  indicates 
hue,  a  yellow;  9/  tells  the  Munsell  value;  and  6  indicates  chroma  or  satu- 
ration.) The  heavy  line  encloses  those  rectangles  for  which  a  matte  paper 
is  available.  At  hue  lOY,  we  see  that  eight  hues  are  lost,  but  two  are  gained 
in  going  from  glossy  to  matte.  At  hue  2.5R  (a  red),  nine  hues  are  lost  and 
none  are  gained.  The  solid  line  bisects  the  rectangle  for  2.5R  2/2  to  indicate 
that  a  chip  is  sold  at  2.5R  2.5/2.  Where  possible,  matte  chips  are  made  with 
value  2.5,  since  none  can  be  made  with  value  2.  In  the  neutral  series,  the 
pure  whites,  grays  and  blacks,  the  glossy  series  goes  down  to  value  0.5/, 
while  the  matte  series  stops  at  1.75/  on  the  black  end. 

Poor  Man's  Antireflection  Coating 

We  may  conclude  that  a  shiny  surface  is  a  poor  man's  anti-reflection 
coating.  To  use  this  anti-reflection  coating,  the  poor  man  must  have  a  dark 
surface  near  his  light  source  that  he  can  put  at  the  specular  angle. 


Color  Rendering 

The  loss  of  saturated  colors  due  to  veiling  reflections  adds  to  any  loss 
that  is  due  to  color-rendering  deficiencies  of  the  light".  For  instance,  Xu^^ 
found  that  a  Warm  White  fluorescent  lamp  reduces  the  volume  of  accessible 
colors  by  25%  from  its  value  under  Standard  Illuminant  A.  Xu's  concept 
of  a  color  solid  volume  is  similar  to  that  in  the  present  paper,  although  his 
calculation  differs  in  important  details. 

Highlights  and  Luminance  Dynamic  Range 

Figure  5  and  Equation  2  above  were  introduced  in  order  to  quantify 
veiling  reflections.  However,  the  same  equation  applies  to  highlights — 
the  images  of  compact  sources.  That  is,  highlight  luminance,  when  ex- 
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pressed  as  a  multiple  of  the  luminance  of  a  diffuse  white  surface,  will  get 
smaller  as  the  source  area  increases. 

Whereas  veiling  reflections  reduce  the  range  of  luminances  in  a  scene 
by  washing  out  blacks  and  deep  colors,  highlights  add  to  dynamic  range. 
Table  3  gives  calculated  highlight  luminance  and  dynamic  range  for  the 
same  six  lights  listed  in  Table  1.  "Dynamic  range"  is  used  here  to  mean 
the  ratio  of  the  highest  luminance  to  the  lowest  in  a  scene.  With  the  black- 
glass-plus-white  diffuser  test  object  of  Figure  5,  both  the  high  and  low 
luminances  would  occur  in  the  black  glass,  except  under  the  luminous 
ceiling.  In  that  case,  an  unavoidable  veiling  reflection  would  make  the 
black  glass  less  black,  while  the  brightest  area  would  be  the  white  surface. 


Table  3:  Highlight  L^minance  and  Dynamic  Range 

Light  Source  Highlight  Luminance  Dynamic  Range 


Unfrosted  60  W 
Sun 

Ordinary  frosted  60  W 
Soft  White 

Single  fluorescent  tube 
Luminous  Ceiling 


2,500,000 

190,000 

160,000 

21,000 

1100 

20 


I  have  assumed  the  black  glass  without  veiling  reflection  to  have  a 
luminance  of  0.01;  there's  a  slight  haze  on  the  surface.  This  is  inconsistent 
with  previous  graphs,  but  is  a  realistic  way  to  avoid  saying  that  dynamic 
range  becomes  infinite.  I  have  assumed  that  a  dark  surface  was  available 
to  put  at  the  mirror  angle,  except  under  the  luminous  ceiling. 

The  assumption  of  a  test  object  lit  by  a  single  unfrosted  bulb  is  a  bit 
artificial,  though  it  indicates  what  is  possible  with,  say,  compact  spotlights. 
Putting  aside  the  unfrosted  bulb,  consider  the  transition  from  daylight  to 
a  luminous  ceiling.  The  sun's  reflection  in  the  black  glass  has  1900  times 
the  luminance  of  the  diffuse  white.  The  luminous  ceiling's  reflection  is  only 
0.04  of  white,  giving  a  dynamic  range  which  is  less  than  that  in  daylight 
by  a  factor  of  10,000. 

These  calculations  concerning  amplitudes  of  veiling  reflections  and 
highlights,  and  their  effect  on  dynamic  range  can  be  reduced  to  man-in- 
the-street  terms.  Suppose  that  the  man  in  the  street  is  standing  in  front  of 
a  drugstore,  diffusely  lit  by  fluorescent  lamps,  looking  in  the  plate  glass 
windows.  Suppose  that  it's  a  clear  day,  but  the  sun  is  fairly  low  in  the 
western  sky,  so  that  the  mean  luminance  of  the  outdoor  scene  is  equal  to 
that  inside  the  drugstore.  What  the  man  in  the  street  will  see,  or  what  you 
and  I  will  see  is  that  the  scene  in  the  drugstore  looks  "washed  out," 
compared  to  the  scene  outdoors. 
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What  we  now  understand  from  calculation  is  that  the  drugstore  does 
not  look  washed  out  for  some  mysterious  reason  involving  fluorescence 
of  the  crystalline  lens,  or  flicker,  or  some  quirk  of  the  visual  system.  It 
looks  washed  out  because  it  is  washed  out.  Highlights  are  dim  and  large; 
blacks  and  saturated  colors  are  covered  by  veiling  reflections.  This  is  in 
addition  to  the  loss  of  color  contrast  because  of  the  color  rendering  infe- 
riority of  fluorescent  lights,  the  loss  of  black-white  contrast  because  of  the 
lack  of  shadows  in  the  drugstore,  and  the  enhancement  of  color  contrast 
outdoors  due  to  the  fact  that  light  from  the  west  is  reddish  while  that  from 
the  east  is  bluish. 

Summary 

The  effects  of  light  source  size  on  the  contrasts  of  illuminated  objects 
have  been  examined  by  methods  of  basic  optics  and  visual  science.  It  was 
observed  that  practical  light  sources  vary  by  a  factor  of  100,000  or  more  in 
the  solid  angle  they  subtend  (Table  1).  Equation  (1)  shows  how  far  a  book 
must  be  tipped  to  avoid  veiling  reflections,  as  a  function  of  luminaire  size. 
The  discussion  of  Figure  4  reviewed  the  classic  picture  of  light  reflection 
from  non-metallic  objects.  The  "surface  reflection"  from  a  shiny  object  is 
directional  and  white,  while  the  "body  reflection"  is  diffuse  and  has  the 
characteristic  color  of  the  object.  The  rough  object  shows  surface  reflection 
also,  but  it  is  diffuse  and  therefore  becomes  merged  with  the  colored  body 
reflection. 

Figure  5  presented  an  apparatus  for  "thought  experiments"  regarding 
the  amplitude  of  veiling  reflections.  The  apparatus  has  a  black  glass  next 
to  a  white  diffuser.  Equation  (2)  gives  veiling  luminance,  expressed  in  units 
of  the  white  object's  luminance,  as  a  function  of  a  circular  luminaire' s  semi- 
subtense.  That  is,  the  absolute  luminance  of  the  luminaire  drops  out  and 
luminaire  size  is  the  important  independent  variable.  The  veiling  reflection 
due  to  the  uniformly  luminous  source  reaches  a  minimum  when  the  source 
is  a  hemisphere — equivalent  to  a  complete  sphere  since  the  objects  are  flat. 
Equation  (2)  also  applies  to  highlights,  and  it  shows  that  the  source  image 
(highlight)  in  the  black  glass  can  have  a  much  higher  luminance  than  white, 
as  the  source  becomes  smaller  and  smaller. 

Three  "four  percent  rules"  were  found,  which  give  a  simple  way  to 
estimate  the  amplitude  of  veiling  reflections.  The  dimmest  image  of  a  uni- 
form source  occurs  when  the  source  is  the  biggest,  namely  a  hemispherical 
or  spherical  source.  The  third  four-percent  rule  says  that  this  minimum 
veiling  luminance  is  four  percent  of  white.  While  this  percentage  may 
sound  small,  it  is  often  not  small  in  comparison  to  the  details  that  it  veils. 
Also,  because  of  the  nonlinearity  of  human  lightness  perception,  a  four 
percent  gray  level  is  perceptually  23  percent  of  the  way  from  extreme  black 
to  pure  white. 

Calculating  the  effect  of  veiling  reflections  on  the  gamut  of  colors  that 
can  be  seen  showed  that  just  the  four  percent  veiling  luminance  eliminates 
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many  deep  colors,  for  a  net  loss  of  37  percent  of  the  range  of  color  per- 
ception (  Table  2).  Deep  colors  are  lost  under  any  lighting  when  objects  are 
given  a  matte  surface.  The  everyday  commercial  reality  of  this  observation 
was  shown  by  Figure  8,  a  comparison  of  some  pages  in  the  matte  and 
glossy  versions  of  the  Munsell  book.  The  subject  of  color  rendering  was 
raised,  only  to  say  that  losses  of  color  contrast  due  to  color  rendering  deficits 
occur  in  addition  to  the  loss  by  veiling  reflections. 

The  transition  from  sunlight  to  a  luminous  ceiling  turns  highlights  into 
veiling  reflections,  compressing  the  range  of  luminances  from  both  ends. 
Table  3,  based  on  simple  calculations,  shows  that  the  dynamic  range  is 
reduced  by  a  factor  of  about  10,000.  This  finally  led  to  the  statement  that 
when  the  whole  ceiling  is  bright  with  sources  of  mediocre  color  rendering, 
the  scene  will  look  washed  out  because  it  is  washed  out. 


Conclusion 

The  reader  may  well  ask,  'Ts  all  this  really  new?  Has  no  one  noticed 
before  that  filaments  are  tiny  and  bright,  while  fluorescent  tubes  are  four 
feet  long  and  an  inch  and  a  half  in  diameter?"  Of  course,  engineers  have 
noticed  these  facts.  When  lamp  manufacturers  design  a  spotlight,  they  are 
well  aware  that  what  they  are  selling  is  the  compactness  of  the  source. 
Also,  in  my  analysis,  I  have  adhered  to  traditional  textbook  visual  science, 
indeed  to  such  workaday  vision  results  as  the  Munsell  system;  there's 
nothing  new  there.  In  fact,  nearly  all  the  background  information  for  this 
chapter  can  be  found  in  Wyszecki  and  Stiles's  book^  (the  more  recent  edition 
would  be  better). 

The  only  novel  element  has  been  to  develop  a  theory  of  lighting  quality 
based  directly  on  the  observation  that  source  size  varies  widely.  To  my 
knowledge,  existing  textbooks  fail  to  do  this. 
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ABSTRACT.  Descriptions  of  solar  spectral  radiation  and  the  changes  it 
undergoes  during  passage  to  earth  are  presented.  With  the  projected  de- 
creases in  the  ozone  layer,  changes  are  found  in  UVR  below  340  nm  that 
include  an  increase  in  the  level  of  UV  irradiance  and  the  passage  of  lower 
wavelengths  of  UVR  to  earth.  Research  on  the  action  spectra  for  the  cornea, 
lens  and  retina  from  exposure  to  UV  radiation  is  reviewed.  The  data  dem- 
onstrate that  ocular  damage  occurs  at  UV  exposure  levels  very  close  to  that 
contained  in  sunlight  and  that  exposure  of  the  eye  to  solar  radiation  is 
hazardous.  Methodology  for  protecting  the  eye  against  UV  exposure  by 
using  the  appropriate  ophthalmic  lenses,  contact  lenses  or  intraocular  len- 
ses is  described.  A  list  of  activities  that  require  the  patient  to  be  protected 
from  UVR  exposure  is  provided. 
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SHOULD  OCULAR  EXPOSURE  TO  SOLAR 
UVR  BE  A  CONCERN? 

Introduction 

The  fact  that  ultraviolet  radiation  (UVR)  exposure  to  the  eye  results  in 
damage  has  been  known  for  centuries  since  Xenophon  used  the  term 
"snowblindness"  in  his  treatise  Anabasis  ca.  370  BC.  Later,  the  accounts  of 
the  march  of  Hannibal  over  the  Alps  in  218  BC  during  the  Second  Punic 
War  against  Italy  clearly  describe  the  classical  signs  and  symptoms  of  pho- 
tokeratitis  in  the  soldiers,  the  horses,  and  the  elephants.  Since  these  ancient 
descriptions  in  history,  ultraviolet  radiation  and  its  effects  on  the  human 
eye  have  been  studied  sporadically. 

Widmark^  2,3  ^^le  first  to  accomplish  research  on  the  effects  of 
exposure  of  UVR  to  the  cornea  and,  in  fact,  named  the  hazard  as  photo- 
or  UV  keratitis.  In  addition  to  Widmark,  a  number  of  researchers  detailed 
the  corneal  epithelial  response  describing  cellular  degeneration  including 
the  nucleus,  inhibition  of  epithelial  mitosis,  eosinophilic  staining  and  cell 
death  (Verhoeff  and  BelP;  Duke-Elder  and  Duke-Elder^;  Buschke  et  aP,  and 
Friedenwald  et  aP).  Cogan  and  Kinsey^  provided  the  most  reliable  quan- 
tified data  from  their  laboratory  studies  of  UVR  exposure  to  the  cornea 
with  their  corneal  threshold  value  of  0.015  J  cm  ^  at  288  nm  for  the  pig- 
mented rabbit  eye. 

The  present  day  research  efforts  on  UV  effects  began  with  the  Apollo 
program  in  1964  when  extra-vehicular  activity  became  a  necessity  for  ex- 
ploration of  the  surface  of  the  moon.  The  resulting  technology  has  led  not 
only  to  protective  devices  but  also  to  additional  avenues  of  effort.  For 
example,  the  present  emphasis  on  ozone  research  has  been  aided  by  mea- 
surements from  space  satellites.  The  awareness  of  the  cholorofluorocarbons 
(CFCs)  as  the  cause  of  the  atmospheric  decrease  in  ozone  has  resulted  from 
the  awareness  of  the  dangers  from  an  increase  in  ultraviolet  radiation  at 
the  earth's  surface. 

It  is  the  purpose  of  this  paper  to  review  briefly  the  action  spectra  for 
UV  exposure  to  the  eye,  describe  the  spectral  solar  irradiance  from  the  sun, 
look  at  the  effect  of  increased  and  decreased  ozone  levels  on  solar  UVR, 
to  address  criteria  to  avoid  exposure  to  the  human  eye,  and  illustrate 
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Figure  1.  The  solar  spectral  irradiance  for  the  solar  constant  of  1367  W/m^.  (After  Mecher- 
ikunnel  et  al'^;  Neckel  and  Labs'^). 


present  technology  available  to  protect  the  eye.  The  data  presented  rep- 
resent research  that  was  initiated  in  1964  and  has  continued  to  the  present 
day. 

Sunlight  as  a  UV  Source 

A  human  on  the  earth's  surface  is  exposured  to  UVR  that  is  highly 
directional  from  the  solar  disc,  both  diffuse  and  directional  from  the  sky 
and  by  diffuse  and  specular  reflection  from  the  various  surfaces  of  the 
earth.  Each  of  these  factors  continuously  varies  with  the  time  of  day,  zenith 
angle  of  the  sun,  the  cloud  cover  and  changes  in  reflecting  surfaces.  These 
variables  make  the  determination  of  solar  UVR  available  for  exposure  very 
difficult  (Rosenthal,  et  aP-^^;  and  Scotto").  Based  on  albedo  of  the  surfaces, 
the  total  radiation  reflected  from  grass  is  about  3%,  20%  to  30%  from  sand 
and  3%  to  5%  from  fresh  water,  but  reaches  85%  to  95%  from  fresh  snow. 

If  the  total  solar  radiant  energy  were  measured  in  space,  the  value 
would  vary  from  1353  Wm  ^  to  1369  Wm  2.  The  solar  radiation  received  on 
earth  from  the  solar  disc  has  been  called  "direct"  while  the  solar  radiation 
scattered  as  the  result  of  water  vapor,  turbidity  and  Rayleigh  scatter  is 
called  "global"  or  "indirect"  solar  radiation.  In  the  ultraviolet  region  of  the 
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Figure  2.  The  filtering  effects  of  atmosphere  on  solar  radiation  prior  to  it  reaching  earth  and 
being  called  sunlight.  The  text  explains  the  filtering  by  oxygen,  nitrogen  and  ozone. 


Spectrum,  the  global  or  indirect  radiation  exceeds  that  from  the  solar  disc. 
The  total  spectral  radiation  includes  both  the  direct  solar  radiation  and  the 
global  solar  radiation.  The  total  solar  power  measured  in  space  is  called 
the  solar  constant  (Frohlich  and  Brusa^^j 

The  solar  spectral  irradiance  is  the  distribution  of  the  solar  constant 
as  a  function  of  wavelength.  (Neckel  and  Labs^^;  Mecherikunnel  et  aP^j 
Figure  1  presents  the  solar  spectral  irradiance  for  a  solar  constant  of  1367 
Wm  2.  Over  96%  of  the  solar  spectral  irradiance  is  contained  in  the  wave- 
length range  beginning  at  270nm  and  extending  to  2600nm  while  49.6% 
lies  in  the  visible  spectrum  in  the  400nm  to  760nm  waveband.  It  is  re- 
markable that  half  of  the  solar  radiation  is  in  the  wavelength  range  that 
serves  the  human  for  vision. 

As  solar  radiaiton  approaches  earth,  its  spectral  characteristics  undergo 
rather  startling  changes.  Absorption  in  the  spectral  region  below  85nm  is 


150 


Donald  G.  Pitts 


2400  -I 


SOLAR  RADIATION 

ON  EARTH:  726.9  W/M  ^ 


13%  UV 
44%  VIS 
43%  IN 


100  300  500  700  900  1100  1300150017001900  2100 

NANOMETERS 


Figure  3.  The  spectral  irradiance  of  sun  on  earth.  The  measurements  represent  sunlight 
after  it  has  been  filtered  by  the  atmosphere  and  is  incident  on  the  earth.  The  effect  of  the 
filtering  was  to  limit  the  short  wavelength  to  288nm  and  to  produce  absorption  bands  in  the 
infrared. 


due  chiefly  to  atomic  oxygen  (0),  molecular  oxygen  (O2),  atomic  nitrogen 
(N)  and  molecular  nitrogen  (N2).  The  absorption  between  100,000  km  to 
30,000  km  for  the  85nm  to  200nm  waveband  is  principally  by  molecular 
oxygen  O2.  At  30,000  km  and  below,  ozone  (O3)  absorbs  the  remaining  solar 
UVR  in  the  200nm  to  288nm  wavelength  range  (Figure  2).  Thus,  essentially 
all  of  the  solar  UV  radiation  above  288nm  is  absorbed  by  the  earth's  at- 
mosphere and  its  spectral  distribution  is  dramatically  different  from  that 
in  space  (Figure  3).  It  becomes  rather  simple  to  understand  that  small 
changes  in  oxygen,  nitrogen  and  ozone  may  result  in  a  relatively  small 
increase  in  the  total  solar  radiation  but  a  disporportionate  increase  in  the 
UV-B  radiation  that  would  increase  the  hazards  of  UVR  on  earth  rather 
dramatically. 

Unlike  solar  UV,  solar  infrared  radiation  does  not  interact  with  ozone, 
oxygen  or  nitrogen  on  its  propagation  to  earth.  However,  infrared  is  ob- 
sorbed  by  the  atmospheric  moisture,  dust,  CO2  and  other  impurities  and 
its  total  energy  is  greatly  reduced  before  it  reaches  earth.  These  interactions 
result  in  the  absorption  bands  seen  in  the  infrared  wavelengths  of  the  solar 
spectral  radiation.  Thus,  the  solar  radiation  on  earth  that  we  call  sunlight 
consists  of  approximately  13%  UVR,  44%  VIS  and  43%  IR. 

The  above  descriptions  should  explain  why  it  is  easy  to  obtain  a  severe 
sunburn  on  a  cloudy  day.  Infrared  radiation  is  the  portion  of  the  solar 
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spectrum  that  causes  the  skin  to  "feel"  hot  during  sunbathing.  It  is  the 
ultraviolet  radiation  that  is  responsible  for  the  photochemical  reactions  to 
exposure  that  we  call  suntan  and  sunburn;  however,  UVR  does  not  make 
the  skin  "feel"  hot  because  the  response  of  the  skin  to  UVR  exposure  is 
delayed  6  to  12  hours.  On  a  cloudy  or  overcast  day,  a  greater  portion  of 
infrared  is  absorbed  by  the  moisture  in  the  clouds,  consequently,  the  sun 
does  not  feel  "hot"  while  the  UVR  is  readily  transmitted  and  allowed  to 
do  its  harm.  Since  the  normal  warning  signs  of  IR  are  absent,  the  results 
are  an  unusually  severe  sunburn. 

Shettle  and  Green'^  have  published  data  on  global  and  direct  ultra- 
violet radiation  in  the  280nm  to  340nm  wavelength  range.  These  data  were 
measured  for  a  horizontal  surface  on  earth  for  different  degrees  of  solar 
elevation.  Table  1  presents  part  of  their  data  for  a  solar  elevation  of  90°  or 
with  the  sun  at  zenith  and  for  three  different  thicknesses  of  the  ozone 
layer. 


SOLAR  ELEVATION  -  90  DEGREES 


WAVELENGTH 

OZONE  THICKNESS 

IN 

NANOMETERS 

0.24  atm-cm 

0.32  atm-cm 

0.40  atm-( 

IRRADIANCE  IN  W  m  ^  nm  ' 

280 

1.54x10-"' 

9.09xl0-'« 

5.44x10-2^ 

285 

1.78xl0-« 

9.50x10" 

5.12x10-'^ 

290 

3.58x10^^ 

2.14x10-^ 

1.29x10^ 

295 

2.36x10-^ 

5.14x104 

1.13x10  4 

300 

2.45x10-2 

1.07x10  2 

4.72x10-^ 

305 

9.25x10-2 

5.91x102 

3.79x10-2 

310 

2.02x10' 

1.58x10' 

1.24x10-' 

315 

3.24x10-' 

2.48x10' 

2.49x10-' 

320 

4.39x10-1 

4.09x10' 

3.81x10' 

325 

5.41x10-4 

5.20x10' 

5.01x10-' 

330 

6.30x10-' 

6.17x10-' 

6.05x10' 

340 

7.87x10-' 

7.82x10' 

7.77x10-' 

290-320 

5.41  Wm2 

4.61  Wm2 

3.99  Wm2 

280-340 

15.2  Wm2 

14.2  Wm2 

13.4  Wm2 

TABLE  1.  Global  solar  UV  radiation  reaching  a  horizontal  surface  on  the  ground  for  the  solar 
elevation  of  90  degrees  with  ozone  thicknesses  of  0.24  atm-cm,  0.32  atm-cm  and  0  40  atm- 
cm.  The  solar  elevation  of  90  degrees  is  equivalent  to  a  zenith  angle  of  0  degrees.  The  standard 
atmospheric  ozone  thickness  is  taken  to  be  0.32  atm-cm.  (Data  from  Shettle  and  Green) 


The  Ozone  Story 

The  development  of  the  supersonic  transport  in  the  USA  (SST)  created 
a  concern  that  the  pollutants  from  their  jet  engines  could  result  in  a  deg- 
radation of  the  environment  in  the  stratosphere.  The  result  has  been  a 
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series  of  studies  and  reports  beginning  in  1974  that  were  designed  to  ana- 
lyze tlie  impacts  of  the  propulsion  effluents  of  aircraft  engines  on  the 
stratosphere  and  the  impacts  of  the  climatic  changes  on  the  biologic  systems 
on  earth  (Anon'^).  These  studies  concluded  that  such  climatic  changes 
would  result  in  an  increase  in  solar  UV  radiation  due  to  partial  loss  of 
ozone  and  changes  in  temperature  and  precipitation  associated  with  the 
increase  in  pollutants— aerosol  sulphates  and  water  vapor. 

The  situation  is  not  as  clear  as  the  introductory  paragraph  appears  to 
make  it.  In  1974,  Molina  and  Rowland'"  suggested  that  the  chlorofluro- 
carbons,  (CFCs)  also  called  chlorofluoromethanes  (CFMs)  could  potentially 
harm  the  stratosphere  by  interacting  with  ozone  to  produce  oxygen;  thereby, 
reducing  the  stratospheric  ozone.  The  result  would  be  a  net  increase  in 
the  ultraviolet  radiation  reaching  earth  with  deleterious  effects  on  plants, 
animals  and  humans.  The  irony  was  that  a  mathematical  model  (Halpern 
and  Braslaui*^)  based  on  a  fixed  amount  of  ozone  had  predicted  a  significant 
decrease  in  UVR  and  the  visible  spectrum  on  the  earth. 

Using  the  effluent  production  of  the  nitrogen  oxides  (Nox)  by  the  SST, 
Alyea  et  aP"  predicted  an  annual  depletion  of  12%  in  the  stratospheric 
ozone  in  the  northern  hemisphere  and  a  depletion  of  8%  in  the  southern 
hemisphere.  By  1979,  Rowland  and  Molino's  hypothesis  had  become  ac- 
cepted and  different  studies  had  established  ozone  depletion  rates  of  7.5%, 
10.8%  and  16.5%  if  the  release  of  CFCs  were  continued  at  the  1977  rate 
(Anoni^).  More  recently  Gille  et  aP^  have  reported  a  12%  reduction  in 
stratospheric  ozone  over  an  11  year  solar  cycle  or  a  1.09%  reduction  per 
year. 

j^gj.r22,23  reviewed  the  ozone  problem  and  emphasized  several  impor- 
tant points.  The  intensive  program  to  re-evaluate  the  ozone  measurements 
shows  rather  conclusively  that  the  stratospheric  ozone  level  has  decreased 
over  the  past  17  years.  An  unexpected  result  was  that  there  were  larger 
than  expected  decreases  in  ozone  in  the  colder  climates  and  higher  lati- 
tudes. This  finding  suggests  that  the  process  may  be  mediated  by  the  ice- 
chemistry  phenomenon.  The  Antarctic  hole  reported  a  loss  of  50%  of  the 
total  ozone  in  the  hole  and  a  95%  loss  in  the  lower  stratosphere  in  October 
1987.  In  addition,  there  were  record  losses  of  ozone  outside  the  hole,  the 
hole  lasted  longer,  the  hole  was  colder  than  other  years,  and  there  has 
been  a  total  decrease  in  ozone  at  latitude  60's  and  further  south  the  entire 
year.  The  weight  of  evidence  is  that  the  CFCs  are  primarily  responsible 
for  these  observed  changes  in  the  stratospheric  ozone. 

The  importance  of  the  ozone  story  to  us  is  that  the  lower  wavelength 
and  the  intensity  of  the  UV  irradiance  falling  on  the  earth  depends  on  the 
thickness  of  the  ozone  layer  and  the  air  mass  of  the  atmosphere.  Shettle 
and  Greeni^'i^  calculated  the  global,  direct  and  diffuse  solar  UV  irradiance 
reaching  the  ground.  They  incremented  the  ozone  layer  thickness  by  25% 
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steps  beginning  at  0.16  atm-cm  and  extending  to  0.40  atm-cm.  Their  global 
irradiance  data  for  solar  elevations  of  40°,  60°  and  90°  and  ozone  layer 
thicknesses  0.24  atm-cm,  0.32  atm-cm  and  0.40  atm-cm  are  plotted  in  Figure 
4.  These  data  provide  an  insight  into  the  spectral  irradiance  changes  brought 
on  by  the  changes  in  the  ozone  layer  thickness.  The  curves  asymptote  at 
about  340nm  indicating  that  the  changes  brought  about  by  changes  in  the 
dozone  layer  occur  below  340nm.  As  the  ozone  layer  reduces  its  thickness 
equivalency,  there  is  a  relatively  larger  increase  in  the  short  wavelength 
ultraviolet.  Finally,  as  the  ozone  layer  decreases,  the  lowest  UV  wavelength 
that  reaches  earth  shifts  from  296  nm  to  about  288  nm.  Thus,  there  is  a 
significant  increase  in  the  UVR  waveband,  the  level  of  irradiance  and,  at 
the  same  time,  a  shift  to  higher  energy  photons  in  the  lower  waveleneth 
UVR.  ^ 


The  Action  Spectrum  of  the  Eye: 

Since  this  presentation  has  limited  time,  it  will  be  presumed  that  the 
transmittance  of  the  ocular  media  is  well  known  to  the  audience  and,  as 
a  consequence,  transmittance  data  will  not  be  presented.  However,  there 
are  certain  terms  which  need  to  be  understood  for  the  remainder  of  the 
paper  to  be  followed  coherently.  The  first  term  is  the  watt  (W)  which  is 
the  unit  of  power.  If  a  watt  is  consumed  in  one  second,  a  Joule  (J)  of  energy 
has  been  expended.  When  biological  systems  are  exposed  to  radiation,  the 
number  of  watts  (W)  consumed  during  the  exposure  duration  (s)  results 
in  a  radiant  exposure  H  =  W»s. 

The  ultraviolet  spectrum  has  been  sectioned  arbitrarily  into  three  di- 
visions by  the  CIE:  UV-C  from  200nm  to  290nm;  UV-B  from  290nm  to 
320nm;  and,  UV-A  from  320nm  to  380nm.  There  were  no  compelling  rea- 
sons for  such  division  but  it  applies  nicely  to  ocular  damage  to  the  different 
portions  of  the  eye  as  UV  exposure  will  be  discussed.  The  quantum  energy 
of  a  photon  is  inversely  proportional  to  the  wavelength,  with  the  electron 
volts  (eV)  of  the  photon  varying  from  6.2eV  to  3.1eV  as  we  pass  from 
200nm  to  400nm.  Absorptions  of  photons  with  energy  levels  from  1.0  to 
4.0  eV  result  in  photochemical  reactions.  At  3.5eV  the  carbon-nitrogen  bond 
is  broken,  at  4.3eV  there  is  disruption  of  the  carbon-hydrogen  bond  and 
the  carbon-carbon  double  bond  can  be  broken  by  eV.  The  absorption  of 
radiation  by  a  molecule  is  determined  by  its  structure  and  the  absorption 
or  capture  of  a  single  photon  usually  results  in  a  photochemical  reaction. 
With  the  preliminaries  completed,  we  shall  return  to  the  action  spectrum. 

The  action  spectrum  for  exposure  of  the  eye  to  UVR  exposure  is  shown 
in  Figure  5.  The  original  data  of  Cogan  and  Kinsey«  are  shown  by  the  open, 
upright  triangles.  The  ordinate  presents  the  threshold  radiant  exposure  in 
Jm-2  x  10^  and  the  abscissa  the  wavelength  range  from  200  to  400  in  na- 
nometers (nm).  The  X's  provide  the  human  corneal  threshold  for  photo- 
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Figure  4.  The  percent  change  in  UVR  resulting  from  ±25%  change  in  the  standard  0.32 
atm-cm  of  ozone.  The  graph  indicates  that  there  are  no  UV  changes  above  340nm,  large 
increases  in  UVR  at  wavelengths  below  333nm  and  the  wavelength  limits  of  UVR  reaching 
the  are  below  288nm.  Each  of  these  factors  result  in  an  increase  in  the  abiotic  wavelengths 
of  UVR  reaching  the  surface  of  the  earth. 
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keratitis  and  its  action  spectrum  covers  the  210nm  to  320nm  wavelength 
range.  The  upper  wavelength  range  for  the  human  was  terminated  because 
of  the  lack  of  knowledge  concerning  UV  induced  cortical  cataracts.  The 
open,  inverted  triangles  represent  threshold  data  for  the  primate.  Note  the 
break  at  320nm  which  is  continued  by  open  circles  to  400nm.  The  open 
circle  primate  data  were  published  by  Kurtin  and  Zuclich^^  and,  since  they 
take  the  same  form  and  values  as  the  rabbit  data,  it  is  felt  that  the  data  for 
the  three  species  of  the  human,  primate  and  rabbit  are  not  materially 
different  above  310nm.  If  a  value  400  times  minimum  threshold  were  used 
as  the  cutoff,  the  corneal  action  spectrum  begins  at  210nm  and  extends  to 
320nm.  Obviously,  corneal  damage  can  be  induced  with  UVR  above  320nm 
but  the  threshold  exposure  levels  are  quite  high;  i.e.,  much  higher  than 
can  be  found  in  man  made  and  natural  radiation  sources  if  the  laser  were 
excluded. 

The  squares  represent  the  radiant  exposure  made  to  establish  the  UV 
induced  cataractogenesis  in  the  pigmented  rabbit.  The  open  squares  pro- 
vide exposures  in  which  cataracts  could  not  be  induced  while  the  closed 
squares  represent  the  wavebands  that  produced  acute  cataracts.  The  wave- 
length range  for  UV  induced  cataractogenesis  begins  at  295nm  and  extends 
to  320nm.  No  cataracts  were  noted  in  either  the  pigmented  rabbit  or  the 
primate  for  the  wavelengths  above  320nm. 

The  UVR  data  for  retinal  exposures  are  shown  by  the  solid  inverted 
triangles.  The  data  of  Ham  et  aP^  start  at  320nm  and  extend  to  400nm.  The 
single  retinal  datum  point  at  300  nm  is  rabbit  data  from  our  laboratory  but 
a  complete  spectral  wavelength  experiment  has  not  been  done. 

Effects  of  Exposure  of  the  Eye  to  Ultraviolet  Radiation: 

The  action  spectrum  has  been  presented  in  the  preceeding  section.  It 
is  important  to  realize  that  the  threshold  values  that  were  reported  were 
based  on  a  minimal  damage  criterion  rather  than  a  no-damage  criterion. 
What  this  means  is  that  for  each  threshold  value  there  was  found  minimal 
ocular  damage  from  the  acute  exposure  that  would  demonstrate  full  re- 
covery at  some  later  date. 

In  the  following  paragrphs,  an  attempt  will  be  made  to  describe  re- 
search on  the  effects  of  exposure  of  the  eye  to  UV  radiation  beginning  with 
the  cornea  and  proceeding  to  the  retina.  Data  for  the  iris  are  almost  totally 
lacking  but  in  our  experiments  we  have  found  swollen,  sluggish  iris,  pos- 
terior synechia,  loss  of  iridic  pigment  and  hypertrophy  of  the  iris  but  have 
not  related  the  observations  to  an  action  spectrum.  A  preliminary  histo- 
logical study  has  affirmed  clinical  observations.  Some  day,  we  might  take 
a  more  detailed  look  at  the  iris  using  the  electron  microscope  or,  hopefully, 
encourage  a  colleague  to  do  likewise.  Therefore,  at  the  present  time  my 
discussion  will  be  limited  to  the  cornea,  the  lens  and  the  retina. 
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Figure  5.  The  action  spectrum  for  exposure  of  the  eye  to  ultraviolet  radiation.  The  ordinate 
presents  the  threshold  radiant  exposure  in  J  x  lO^  and  is  in  scaled  in  log  units.  The  abscissa 
gives  the  wavelength  in  nanometers  beginning  at  200nm  and  terminating  at  400nm.  The  data 
symbols  represent  human,  primate  and  rabbit  exposures  and  include  exposures  to  the  cornea, 
retina  and  lens.  The  sources  of  the  data  are  listed  in  the  references. 


Cornea: 

Photokeratitis  has  been  recognized  as  a  primary  response  of  the  cornea 
to  UVR  since  Widmarki'2'3.  jhe  action  spectrum  necessary  to  produce  pho- 
tokeraititis  was  defined  by  Pitts  et  aP^  and  since  then,  corneal  exposures 
have  been  shown  to  be  oxygen  dependent  (Kurtin  and  Zuclich^^),  cul- 
mulative  (Cullen2«;  Zuclich^^)  and  to  completely  obey  the  law  of  reciprocity 
for  both  single  exposures  and  multiple  exposures  (Zuclich  and  Connolly^"). 
Pitts  et  api  studied  the  ability  of  the  cornea  to  recover  8  days  after  exposure 
and  found  abnormal  epithelial  cells  and,  in  addition,  damaged  and  dead 
keratocytes  were  evident  in  the  stroma.  The  endothelium  demonstrated  a 
reduced  number  of  mitochondria,  endoplasmic  reticulum  and  occasional 
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vacuoles  but  normal  corneal  hydration  was  evident.  They  suggested  that 
endothelial  polymegethism  occurs  in  the  primate  from  UV  exposure  which 
has  subsequently  been  confirmed  in  the  human  by  Good  and  Schoessler. 

Cullen,  et  ap233  and  Doughty  and  Cullen^^  related  UV  exposure  to 
endothelial  damage  using  increased  corneal  thickness  as  an  index.  Doughty 
and  Cullen34  also  showed  that  the  damaged  endothelium  did  not  regain 
normal  function  even  3  months  after  exposure.  Lattimore  ^5  found  decreases 
in  oxygen  uptake,  increases  in  glucose  and  glycogen  but  a  decrease  in 
phosphocreatine  from  UVR  exposures  to  the  corneal  epithelium.  The  phys- 
iological responses  were  found  within  2  minutes  after  exposure,  were  highly 
wavelength  dependent  and  demonstrated  a  decrease  in  corneal  epithelial 
metabolic  activity.  Blumthaler,  et  aP^  have  reconstructed  the  UV  exposures 
of  skiers  suffering  from  photokeratitis  and  demonstrated  that  laboratory 
data  on  animals  can  be  used  to  predict  human  UV  exposure  effects.  The 
levels  of  UV  exposure  used  in  these  studies  can  be  experienced  from  sun- 
light! 

Crystalline  Lens: 

The  data  that  define  the  action  spectrum  from  295nm  to  320nm  for  the 
production  of  UV  induced  cataracts  in  the  lens  were  presented  by  Pitts 
and  Cullen37.  Arguments  that  question  the  application  of  the  data  to  the 
human  have  been  raised  since  the  results  were  derived  with  animals  ex- 
posed to  the  UVR  beam  when  the  eye  was  directed  toward  the  beam.  This 
dilemma  may  be  resolved  by  the  epidemiological  literature  which  indicates 
that  the  UV  cataract  is  related  to  the  exposure  to  sunlight  (Hiller,  et  aP«; 
Kahn  et  aP^;  Taylor^";  Hollows  and  Moran^^^;  Hiller,  et  ap2;  Leske  and 
Sperduto^;  and  Brilliant  et  al^).  The  geographic  areas  with  greater  number 
of  sunlight  hours  demonstrated  a  higher  prevalence  for  cataracts  than  areas 
with  fewer  hours  of  sunlight.  Although  the  issue  is  not  entirely  settled, 
the  biochemical  and  epidemiological  evidence  combined  with  experimental 
data  in  animals  make  a  causal  relationship  highly  possible. 

Considerable  research  on  the  biochemistry  of  the  lens  from  UVR  ex- 
posure has  been  done  but  will  only  be  summarized  briefly  here.  The  lit- 
erature (Pitts,  et  ap5)  indicates  that  biochemical  alterations  from  UV  exposure 
that  lead  to  senile  catacracts  may  occur  via  three  major  mechanisms:  (1) 
Photo-oxidative  damage  to  the  lens  crystallins  which  has  been  suggested 
to  result  in  cross-linking,  insolubilization  and  browning  of  proteins,  es- 
pecially in  the  lens  nucleus.  (2)  Photo-oxidation  of  lens  membrane  lipids 
which  may  result  in  the  inactivation  of  membrane  functions,  such  as  AT- 
Pase  activity.  In  addition,  photo-oxidation  of  membrane  lipids  has  been 
suggested  to  initiate  crosslinking  and  insolubilization  of  lens  proteins.  (3) 
Damage  to  the  epithelium  of  the  crystaline  lens  DNA  has  been  proposed 
to  result  in  the  alteration  of  cell  function  and,  also  production  of  anomalous 
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cortical  fiber  proteins.  Whether  any  or  ail  of  these  mechanisms  are,  in  fact, 
involved  in  cataract  formation  are  yet  to  be  established.  Curiously,  the  final 
story  may  show  that  each  of  the  proposed  biochemical  mechanisms  plays 
its  unique  and,  at  the  same  time,  combined  role  in  the  UV-induced  cataract. 

Retina: 

Several  facts  are  known  about  retinal  exposure  of  UVR  which  point 
toward  damage  to  the  retina:  UVR  radiation  near  320nm  reaches  the  phakic 
retina,  UV-A  and  UV-B  impinge  on  the  retina  of  the  aphakic  and  pseu- 
dophakic  eye  (Kamel  and  Parker^^;  Saraux  et  aP^)  and  the  aphakic  eye  can 
see  down  to  365nm  (Goodeve  et  aP«).  Schmidt  and  Zuchlich^^  reported  a 
threshold  radiant  exposure  of  0.36  J/cm^  at  325nm  measureed  at  the  plane 
of  the  cornea  but  most  of  the  data  on  UV  retinal  lesions  show  5  J/cm^  or 
higher  retinal  threshold  level  (Ham  et  aF^).  Using  the  absolute  visual  thresh- 
olds as  a  measure,  Henton  and  Sykes^"  reported  a  3  to  5  times  increase 
in  the  threshold  immediately  after  exposure  to  0.381  J  cm  \  350nm,  UVR 
that  stabilized  at  a  0.5  log  unit  elevation  after  3  to  5  days.  They  also  found 
a  15  to  20%  reduction  in  the  number  of  receptor  outer  segments  and  nuclei. 
Rapp,  Jose  and  Pitts^^  reported  that  ^H-Thymidine  was  incorporated  into 
the  pigmented  rat  retinal  outer  nuclear  layer,  inner  nuclear  layer  and  gan- 
glion cell  layer  which  were  taken  as  evidence  that  300nm  UVR  was  trans- 
mitted to  and  damaged  the  retina. 

The  aphakic  eye  is  particularly  suspect  in  damage  from  UV-B  and  UV- 
A  exposures  because  the  crystalline  lens  absorbed  most  of  these  wave- 
lengths. After  cataract  surgery,  chromatopsia  and  retinal  blanching  are 
found  clinically  and  represent  a  photo-retinitis  which  could  be  prevented 
by  protective  ophthalmic  lenses,  contact  lenses  or  intracular  lenses.  Thus, 
it  is  obvious  that  UVR  does  impinge  on  the  retina,  affects  the  receptors, 
and  is  quite  hazardous  to  the  retina.  However,  more  research  needs  to  be 
done  to  establish  the  definitive  action  spectrum  so  that  more  adequate 
protection  criteria  for  the  retina  may  be  developed. 

Protection  Against  UVR 

Protection  against  UVR  may  be  accomplished  by  incorporating  UV 
absorbers  into  the  lens  materials.  It  is  intuitively  obvious  that  UV  radiation 
up  to  at  least  380nm  should  be  absorbed  to  provide  protection  for  the 
cornea,  lens  and  retina.  It  is  also  important  that  the  virgin  polymer  lenses 
inherently  absorb  UV  more  effeciently  than  clear  ophthalmic  crown  glass 
lenses  (Pitts^^).  UV  absorbers  incorporated  into  ophthalmic  materials  need 
not  discolor  the  lens.  In  other  words,  an  almost  perfectly  clear  ophthalmic 
device  can  absorb  all  harmful  UVR. 
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UV  absorbing  contact  lenses  have  been  used  in  empirical  studies  to 
determine  if  these  materials  would  provide  protection  against  UVR  ex- 
posure. In  recent  experiments,  pigmented  rabbits  were  fitted  with  a  soft 
UV  absorbing  contact  lens  on  one  eye  and  a  clear  non-absorbing  soft  contact 
lens  on  the  other  eye.  UVR  exposure  demonstrated  very  clearly  that  the 
UV  absorbing  lens  afforded  full  protection  while  the  normal  soft  contact 
lens  showed  similar  or  slightly  more  damage  than  an  eye  not  wearing  a 
contact  lens  (Pitts  and  Lattimore54;  Bergmanson  et  al^^).  This  enhanced  effect 
was  possibly  due  to  a  reduced  availability  of  oxygen  through  the  contact 
lens  but  clearly  demonstrates  that  UV  absorbing  soft  contact  lens  materials 
do  provide  protection  against  UVR  exposure. 

Summary  &  Conclusions 

The  original  question  was,  "Should  ocular  exposure  to  solar  ultraviolet 
radiation  be  a  concern?"  In  an  attempt  to  provide  a  background  to  answer 
this  question,  several  important  concepts  were  introduced.  A  description 
of  the  solar  spectral  irradiance  and  the  effect  of  increased  and  decreased 
levels  of  ozone  on  solar  radiation  reaching  the  earth  was  provided.  A  short 
review  of  the  effects  of  UV  exposure  to  the  eye  was  presented.  In  addition, 
the  present  technology  available  for  protection  was  reviewed.  The  answer- 
to  the  question  is  quite  obvious— yes,  solar  UVR  on  earth  is  of  concern,  it 
damages  the  eye  and  should  be  protected  against.  Table  2  provides  a  list 
of  persons  who  should  be  provided  adequate  UV  protection. 


TABLE  2.  A  list  of  people  who  should  be  protected  from  exposure  to  UVR.  Item  10  is  suggested 
because  of  the  knowledge  that  UV  exposure  is  cumulative  and  in  hopes  that  pro- 
tection will  prevent  difficulties  for  young  people  and  delay  those  for  older  adults. 

1.  Aphakics  and  pseudo-aphakics  to  prevent  retinal  damage. 

2.  Cataract  patients  to  reduce  lenticular  scatter. 

3.  Patients  on  photosensitizing  medication:  Chlorothiazides,  antibiotics  and  oral  contra- 
ceptives are  a  minimal  list  of  examples. 

4.  Workers  in  vocations  rich  in  UVR:  Welders,  electronic  worker,  graphic  arts  workers  and 
researchers. 

5.  Persons  who  spend  excessive  hours  in  the  sun. 

6.  Patients  with  pinguecula,  pterygia  and  macular  degeneration, 

7.  Persons  enjoying  avocations  rich  in  UVR:  Snow  skiing,  sunbathing  and  mountain  clim- 
bining. 

8.  Persons  using  sunlamps  or  solariums. 


10. 


Children  who  play  outside  or  are  exposed  to  excessive  UVR  to  delay  photochemical 
responses  in  the  corneal  endothelium,  lens  and  retina. 

All  patients  to  maintain  normal  healthy  eyes  and  to  eliminate,  reduce  or  delay  the 
prevalence  of  UV  induced  corneal  problems,  cortical  senile  cataracts  and  solar  retino- 
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RETINAL  IMAGE-MEDIATED  OCULAR  GROWTH  AS  A 
POSSIBLE  ETIOLOGICAL  FACTOR  IN  JUVENILE-ONSET 
MYOPIA 


ABSTRACT.  Degradation  of  retinal  imagery  has  been  shown  to  induce 
myopia  in  animals  by  axial  elongation  through  ocular  growth.  The  corre- 
lation of  the  mechanisms  of  this  animal  model  of  myopia  and  of  juvenile 
onset  myopia  in  humans  is  not  obvious.  This  paper  outlines  a  hypothesis 
that  bridges  this  gap  and  presents  a  variety  of  clinical  observations  con- 
sistent with  this  hypothesis  of  ocular  growth  as  the  mechanism  of  childhood 
myopia  progression. 
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RETINAL  IMAGE-MEDIATED  OCULAR 
GROWTH  AS  A  POSSIBLE  ETIOLOGICAL 
FACTOR  IN  JUVENILE-ONSET  MYOPIA 

INTRODUCTION 

Despite  the  high  prevalence  of  myopia  (25  to  30%  among  young  adults 
in  the  United  States)!-^  and  the  considerable  attention  it  has  received  from 
vision  scientists  and  clinicians,  the  determination  of  its  etiologies  remains 
elusive.  For  instance,  the  chapter  on  etiology  in  Curtin's  book  on  myopia^ 
contains  813  citations,  but  offers  no  definitive  statement  on  the  etiology  of 
juvenile  onset  myopia.  Likewise,  treatment  regimens  designed  to  slow  the 
progression  of  myopia  have  shown  negative  or  inconsistent  results.^ " 

CLASSIFICATION  OF  MYOPIA 

There  are  undoubtedly  several  types  of  myopia  with  varying  etiologies. 
Necessary  to  their  understanding  is  an  appropriate  classification  system 
for  the  different  types  of  myopia.  Grosvenor'^  reviewed  existing  classifi- 
cation schemes  and  proposed  a  new  one  based  on  age  of  onset.  In  this 
system  the  categories  of  myopia  are  congenital,  youth-onset,  early  adult- 
onset,  and  late  adult-onset.  Youth-onset  or  juvenile-onset  myopia  is  the 
most  common  form  of  myopia,5'i2,i3  ^jth  onset  anywhere  from  about  six 
years  of  age  to  the  teenage  years.  Once  myopia  appears,  it  increases,  or 
progresses,  in  amount  until  its  progression  stops  or  slows  in  the  middle 
or  late  teens,  ^^-^g  usually  develops  to  about  one  to  four  diopters,  and  is 
found  with  normal  corrected  visual  acuity  and  normal  ocular  health.  Ex- 
amples of  patterns  of  childhood  myopia  progression  are  shown  in  Figure 


MYOPIA  INDUCED  IN  ANIMALS  BY  ALTERATION  OF  OCULAR 
IMAGERY 

One  potential  technique  for  investigation  of  myopia  etiology  is  the 
development  of  appropriate  animal  models.  Myopia  has  been  induced  in 
a  variety  of  animal  species. ^  20-22 

The  common  denominator  in  recent  experimental  manipulations  to 
induce  myopia  in  animals  has  been  the  degradation  of  retinal  imagery. 
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This  has  been  achieved,  for  instance,  by  eyelid  suture,  partial  corneal  opa- 
cification, and  attachment  of  translucent  occluders.  Myopia  has  been  pro- 
duced in  chickens,23  28  cats,^^  tree  shrews,^!  and  monkeys. ^2  37 monkeys 
this  line  of  investigation  began  with  the  observation  that  eyes  under  sutured 
eyelids  develop  axial  myopia. Thermal  or  pressure  effects  were  ruled  out 
when  it  was  found  that  lid  suture  did  not  lead  to  myopia  when  the  animals 
were  dark-reared,^^  and  that  corneal  opacification  induced  axial  elongation 
of  the  eye,  and  presumably  myopia. Smith  et  al.^s  noted  that  for  monkeys 
the  earlier  form  deprivation  is  initiated  and  the  longer  it  is  maintained,  the 
greater  is  the  amount  of  the  myopia  that  develops. 

Animal  experimentation  suggests  that  retinal  image  alteration  leads  to 
axial  elongation  by  ocular  growth  through  local  mechanisms.  Wallman  et 
al.24  found  that  when  white  translucent  occluders  were  applied  to  selec- 
tively deprive  the  nasal  retina  or  temporal  retina  of  developing  chicks,  only 
the  deprived  part  of  the  eye  showed  myopia.  Vitreous  depth  increased 
only  on  the  side  of  the  eye  deprived  of  normal  visual  input.  Optic  nerve 
section  does  not  prevent  development  of  myopia  in  chicks  deprived  of 
form  vision. 27 

Local  mechanisms  are  also  suggested  by  the  work  on  rhesus  monkeys 
by  Raviola  and  Wiesel.^^  Various  denervation  procedures,  including  ciliary 
ganglion  removal,  superior  cervical  ganglion  removal,  section  of  the  roots 
of  the  trigeminal  nerve,  optic  nerve  section,  and  removal  of  the  striate 
cortex,  did  not  prevent  the  development  of  axial  myopia  from  lid  suture. 
The  work  of  Stone  et  al.3«  in  monkeys  may  point  to  a  possible  mechanism. 
They  found  increased  levels  of  vasoactive  intestinal  polypeptide  in  retinal 
amacrine  cells  in  eyes  deprived  by  eyelid  suture.  Some  growth  inducing 
substances,  or  growth  factors,  are  polypeptides. 

The  animal  experiments  described  above  have  produced  blur  or  form 
deprivation  by  various  forms  of  translucent  occlusion.  Schaeffel  et  al.^o 
demonstrated  that  optical  defocus  will  also  lead  to  myopia  in  chicks.  By 
application  of  -4  and  -8D  lenses  they  induced  a  small  amount  of  myopia. 
The  refractive  result  was  approximately  the  same  regardless  of  whether 
the  lenses  were  applied  monocularly  or  binocularly.  Animals  exposed  to 
lenses  of  +2  and  +4  diopters  developed  a  small  amount  of  hyperopia. 
The  posterior  nodal  distance  was  greater  in  eyes  treated  with  minus  lenses 
than  in  eyes  treated  with  plus  lenses.  This  suggests  that  axial  elongation 
durmg  development  is  responsive  to  the  direction  of  optical  defocus. 
Schaeffel  et  al.  discussed  the  possibility  of  accommodation  serving  as  the 
source  of  this  directional  sensitivity. 

Human  correlates  of  the  high  myopia  produced  in  animals  by  form 
deprivation  exist  in  humans  with  eyelid  and  ocular  media  anomalies.  The 
severe  retinal  image  degradation  caused  by  lid  hemangiomas, ptosis,*^ 
neonatal  lid  closure,^^  retinopathy  of  prematurity, ^445  and  other  ocular 
anomalies46'47  is  associated  with  a  high  myopia  (generally  five  diopters  or 
more)  in  humans.  Like  the  animal  model,  this  form  deprivation  myopia  is 
due  to  axial  elongation  of  the  eye.  (In  retinopathy  of  prematurity  there  is 


170 


Diwid  A.  Goss 


both  a  reduction  in  anterior  corneal  radius  associated  with  arrested  ocular 
development  and  an  axial  elongation  associated  with  media  and  retmal 
changes.)  There  does  not  seem  to  be  an  obvious  correlation  of  the  animal 
model  of  myopia  with  the  much  more  common  occurrence  of  youth  onset 
myopia  developing  in  an  otherwise  healthy  eye.  The  hypothesis  outhned 
in  the  next  section  appears  to  bridge  a  gap  between  form  deprivation 
myopia  in  animals  and  clinical  observations  on  juvenile-onset  myopia  pa- 
tients. 


A  NEW  HYPOTHESIS  FOR  THE  ETIOLOGY  OF  JUVENILE-ONSET  MY- 
OPIA 

Myopia  undoubtedly  has  both  genetic  and  environmental  determi- 
nants.'^^^^  An  environmental  factor  often  hypothesized  to  play  a  role  is  near 
^Qj.]^  1,3,6,48,49,51-58  Myopic  pcrsons  often  have  occupations  requiring  near 
work^  myopes  tend  to  spend  more  time  reading  and  in  other  nearpoint 
activities,  and  myopes  tend  toward  better  reading  ability  and  scholastic 
achievement  than  non-myopes.  Myopia  is  more  common  in  populations 
that  do  greater  amounts  of  near  work.  Though  cause  and  effect  have  never 
been  definitively  demonstrated,  a  role  for  near  work  in  myopia  develop- 
ment would  appear  to  be  a  reasonable  working  assumption. 

For  clear  vision  during  nearpoint  viewing,  the  dioptric  accommodative 
response  must  approximate  the  dioptric  stimulus  to  accommodation.  A 
small  lag  of  accommodation,  the  dioptric  amount  by  which  accommodative 
response  is  less  than  the  accommodative  stimulus,  is  normal  and  will  allow 
clear  retinal  imagery  due  to  the  depth  of  focus  of  the  eye.  Under  typical 
conditions  of  pupil  size,  illumination,  contrast,  and  acuity  demand,  the 
accommodative  response  for  an  accommodative  stimulus  of  2.50  diopters 
is  approximately  2.25  diopters. ^^^^o  if  the  lag  of  accommodation  significantly 
exceeds  this,  the  quality  of  retinal  imagery  may  be  compromised.  Accom- 
modative dysfunction  might  then  lead  to  myopia  by  a  mechanism  similar 
to  that  in  form  deprivation  myopia  in  animals.^"  A  lack  of  contrast  m  the 
defocused  retinal  image  might  lead  to  the  increased  production  of  growth- 
inducing  substances,  or  growth  factors,  which  in  turn  would  cause  ocular 
axial  elongation.5"'^i  Ii^  humans,  this  would  most  likely  be  a  function  of  the 
central  retina  because  foveal  vision  is  used  for  reading,  and  objects  m  the 
peripheral  field  are  ordinarily  not  clearly  imaged  on  the  TetmaJ>^'''  The 
slight  retinal  image  degradation  associated  with  accommodative  disorders 
might  be  expected  to  produce  a  lower  amount  of  myopia  than  that  m  media 
opacities;  this,  of  course,  is  the  case  in  ordinary  juvenile-  onset  myopia 
The  study  by  Schaeffel  et  al.^"  would  suggest  directional  sensitivity  of  axial 
growth.  That  is,  if  ocular  images  are  in  focus  at  a  point  behind  the  retina, 
growth  of  the  posterior  segment  would  be  induced  to  move  the  retina  in 
the  direction  of  the  focused  image.  If  this  is  true  in  humans  the  optical 
def ocus  caused  by  under-correction  of  myopia  for  distance  would  not  result 
in  axial  elongation.  The  direction  of  optical  defocus  resulting  from  msut- 
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Age 

Hirsch,  1952 

Young  et  al. 

,  2954 

Langer,  1966 

(Yrs) 

(n 

=  9,552) 

(n = 652) 

(n  =  263) 

Girls 

Boys 

Girls 

Boys 

Girls 

Boys 

5-6 

6.15 

7.43 

4.17 

n  nn 
u.uu 

2.04 

0.00 

7-8 

9.71 

11.02 

2.60 

5.62 

3.97 

3.08 

9-10 

17.18 

15.68 

19.44 

9.68 

12.20 

11.68 

11-12 

21.60 

20.74 

20.00 

27.27 

29.18 

20.48 

13-14 

25.36 

22.53 

25.71 

28.57 

34.42 

34.30 

TABLE  1.  Prevalence  of  myopia  in  percent  as  a  function  of  age  in  school  children  in  the 
Los  Angeles  area  (Hirsch-^),  in  Pullman,  Washington  (Young  et  al.'--^),  and  in  Leaside,  Ontario, 
Canada  (Langer^^).  The  Hirsch  and  Langer  data  are  the  percentages  of  children  with  myopia 
of  any  amount.  Myopia  was  defined  in  the  Young  et  al.  study  as  myopia  of  over  one  diopter. 


ficient  accommodation  for  nearpoint  would  require  axial  elongation  to 
achieve  focus  on  the  retina. 

CLINICAL  OBSERVATIONS  CONSISTENT  WITH  THIS  HYPOTHESIS 

Definitive  proof  of  this  hypothesis  w^ill  be  very  difficult  to  obtain.  A 
feasible  first  step  is  to  examine  whether  observations  on  myopia  patients 
are  consistent  with  this  hypothesis. 

Ages  of  Onset  and  Cessation  of  Childhood  Myopia  Progression 

If  the  growth  factors  associated  with  axial  elongation  of  the  eye  are 
synergistic  with  human  growth  hormone  or  somatomedin,  then  an  increase 
in  incidence  of  myopia  would  be  expected  at  the  times  of  maximum  body 
growth,  and  the  childhood  progression  of  myopia  would  be  expected  to 
stop  or  slow  when  the  adolescent  growth  spurt  stops. 

Incidence  may  be  inferred  from  age-related  prevalence  data.  Such  data, 

from  three  different  cross-sectional  studies,64-66  are  summarized  in  Table  1. 

(Langer's  thesis^^  also  contained  some  longitudinal  data.)  Incidence  may 

be  presumed  to  be  greatest  at  the  ages  at  which  prevalence  shows  the 

greatest  increases.  Perusal  of  Table  1  suggests  that  the  greatest  incidence 

of  myopia  in  girls  precedes  that  in  boys  in  all  three  populations.  The 

adolescent  growth  spurt  begins  about  two  years  earlier  in  eirls  than  in 
boys.  67,68  ^ 

Once  myopia  appears,  it  increases  in  amount  (childhood  myopia  pro- 
gression) until  the  middle  or  late  teens.  This  can  be  visualized  in  Figure  1. 
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We'^  calculated  an  index  of  the  age  at  which  childhood  myopia  progression 
ceases  or  slows  appreciably.  We  called  this  the  cessation  age,  which  was 
calculated  using  four  different  graphical  and  statistical  techniques  from 
longitudinal  data  for  several  individuals  from  private  practice  patient  data. 
One  of  these  methods  defined  cessation  age  as  the  point  at  which  a  linear 
regression  of  refractive  error  on  age  for  points  below  15  years  of  age  in- 
tersected a  line  of  zero  slope  through  the  mean  amount  of  myopia  at 
observations  after  17  years  of  age.  This  was  determined  individually  for 
patients  with  three  or  more  refractions  before  15  years  of  age.  The  mean 
cessation  age  was  16.7  years  (n  =  66,  SD  =  2.1)  for  males  and  15.2  years 
(n  =  57,  SD  =  1.7)  for  females.  These  are  similar  to  the  ages  at  which  the 
adolescent  growth  spurt  ends.^^^" 

Age  of  Cessation  of  Ocular  Growth 

The  progression  of  myopia  in  children  is  due  to  greater  than  normal 
axial  elongation  of  the  eye  or  axial  elongation  which  is  inadequately  com- 
pensated for  by  reduction  in  the  refractive  power  of  the  eye.^^-^^  On  the 
basis  of  the  stated  hypothesis,  it  would  be  expected  that  ocular  growth  in 
myopes  would  cease  at  about  the  same  time  as  the  cessation  of  general 
body  growth  and  the  cessation  of  childhood  myopia  progression. 

A  first  glance  at  the  literature  would  suggest  that  ocular  growth  stops 
before  this.  Based  on  cross-sectional  and  some  longitudinal  data,  Sorsby 
and  his  colleagues^"'^^  suggested  that  increases  in  ocular  axial  length  stop 
by  13  years  of  age  or  before.  This  inference  was  based  on  limited  data  past 
14  years  of  age,  and  on  a  limited  number  of  myopes.  Larsen,^^  reporting 
on  his  cross-sectional  study  of  axial  length,  proposed  that  ocular  growth 
ceases  at  about  13  years.  However,  no  data  after  13  to  14  years  of  age  were 
reported,  and  the  majority  of  subjects  appeared  to  be  emmetropes  and 
hyperopes. 

Thus,  childhood  myopia  progression  generally  ceases  at  15  to  17  years, 
while  literature  based  largely  on  non-myopes  suggests  that  ocular  growth 
stops  by  13  years  of  age.  A  longitudinal  study  of  18  myopic  eyes  by  Tokoro 
and  Suzuki^^  would  seem  to  indicate  that  cessation  of  childhood  myopia 
progression  coincides  with  the  cessation  of  ocular  axial  elongation.  While 
this  question  was  not  specifically  addressed  in  the  paper,  Tokoro  and 
Suzuki^^  published  composite  plots  of  refractive  error  vs.  age  and  of  axial 
length  vs.  age.  Visual  inspection  suggests  that  plateaus  occur  in  both  graphs 
at  about  the  same  ages  (about  15  to  17  years).  To  attempt  to  reconcile  this 
difference,  we^^  have  collected  cross-sectional  data  on  axial  length  as  a 
function  of  age  from  available  literature  sources  and  from  patients  seen  in 
our  clinic.  We  now  have  a  total  of  1309  observations.  As  a  preliminary 
analysis,  we  calculated  the  mean  axial  length  as  function  of  age,  first  for 
all  refractions  from  all  sources,  and  secondly  for  myopes  from  all  sources. 
We  calculated  linear  regression  equations  of  axial  length  on  age  using 
various  combinations  of  consecutive  ages  with  at  least  ten  observations 
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before  the  age  of  16  years.  We  determined  the  regression  equation  that 
had  the  highest  coefficient  of  correlation.  The  means  and  regression  lines 
for  males  with  myopia  are  illustrated  in  Figure  2.  We  found  cessation  ages 
by  determining  the  points  at  which  the  regression  equations  intersected 
the  mean  axial  length  for  observations  at  and  after  17  years  of  age.  The 
cessation  ages  thus  determined  are  summarized  in  Table  2.  The  cessation 
ages  for  increases  in  stature  are  also  given  in  Table  2.  Mean  refractive  error, 
axial  length,  and  height  as  a  function  of  age  are  given  for  male  myopes  in 
Figure  2. 

When  patients  of  all  refractions  are  considered  the  derived  cessation 
ages  of  axial  elongation  are  similar  to  the  ages  at  which  Sorsby  and  his 
colleagues  and  Larsen  suggested  the  eye  stops  growth.  The  cessation  ages 
of  ocular  growth  for  myopes  are  later  and  are  close  to  the  mean  cessation 
ages  for  childhood  myopia  progression  found  by  Goss  and  Winkler, with 
an  earlier  cessation  in  females.  The  cessation  ages  for  ocular  growth  in 
myopes  are  similar  to  the  cessation  ages  for  increase  in  height. 


Effect  of  Bifocal  Lenses  on  Childhood  Myopia  Progression 

One  of  the  treatment  regimens  for  attempted  myopia  control  is  the 
prescription  of  bifocal  lenses.  Reports  on  the  efficacy  of  this  method  have 
shown  considerable  disagreement.^'^  "  ^5  76  Qne  can  only  say  that  it  is  not 
consistently  successful.  Potential  explanations  for  the  differing  results  from 
study  to  study  include  investigator  bias,  the  manner  in  which  the  bifocals 
were  used,  and  the  types  of  patients  studied. 

Work  by  Roberts  and  Banford^^  and  by  Goss^^  suggest  that  some  level 
of  myopia  control  may  be  achieved  in  esophoric  patients  and  patients  with 
accommodative  insufficiency.  Using  data  from  their  patient  files,  Roberts 
and  Banford  calculated  rates  of  progression  in  diopters  per  year  with  age 
factored  out  by  a  formula  for  the  relation  of  refractive  change  and  age  from 
correlation  analysis.  The  mean  rate  for  single  vision  lens  wearers  was  - 
0.405  D/yr,  while  for  bifocal  wearers  it  was  -0.314  D/yr.  The  rates  for  patients 
separated  by  nearpoint  phoria  are  given  in  Table  3.  Rates  were  less  minus 
for  esophores  wearing  bifocals.  They  also  reported  that  bifocals  reduced 
the  rates  for  patients  with  accommodative  insufficiency  as  diagnosed  with 
nearpoint  binocular  cross  cylinder  test. 

Goss7«  reported  on  linear  regression  derived  rates  of  myopia  progres- 
sion (diopters  per  year)  for  patient  data  from  three  private  optometry  prac- 
tices. The  mean  rate  for  all  single  vision  lens  wearers  did  not  differ 
significantly  from  the  mean  rate  for  all  bifocal  lens  wearers.  For  nearpoint 
esophores  the  mean  rate  with  bifocals  was  less  than  that  with  single  vision 
lenses  (Table  3).  Data  were  also  separated  by  binocular  nearpoint  cross 
cylinder  net,  which  was  defined  as  the  difference  between  the  gross  cross 
cylinder  finding  and  the  binocular  maximum  plus  subjective  refraction  to 
best  visual  acuity.  The  mean  rate  with  bifocals  was  less  than  that  with 
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Males  Females 


Cessation  age 

of  axial  elongation  16.9  14.0 

in  myopes 

Cessation  age 

of  axial  elongation 

in  myopes  and  12.7  11.4 
rion-myopes  combined 

Cessation  age  of  increases  in  16.2  13.8 
height  in  myopes 

Cessation  age 
of  increases  in 

height  in  myopes  and  15.7  14.0 

non-myopes  combined 


TABLE  2.  Cessation  ages  (in  years)  of  ocular  growth  as  assessed  by  axial  length  measure- 
ments and  of  general  body  growth  as  assessed  by  height  measurements. 


single  vision  lenses  for  patients  with  cross  cylinder  nets  of  over  +0.50  D 
(see  Table  3). 

Morgan^^  gave  a  normal  range  for  the  nearpoint  binocular  cross  cyl- 
inder of  +  0.25  to  +  0.75  diopters  over  the  subjective  refraction  for  distance. 
Patients  with  higher  plus  cross  cylinder  nets  most  likely  have  higher  lags 
of  accommodation. These  are  the  cases  in  which  the  mean  rates  are 
lower  in  magnitude  in  bifocal  wearers.  A  plus  add  in  bifocal  form  would 
improve  the  quality  of  retinal  imagery  in  patients  with  an  anomalously 
high  lag  of  accommodation  by  reducing  the  amount  of  optical  defocus. 
This  might  then  stop  the  mechanism  hypothesized  above. 

Accommodative  disorders  prior  to  onset 

Central  to  the  stated  hypothesis  is  that  accommodative  dysfunction 
would  precede  myopia  onset.  Clinicians  have  reported  observing  accom- 
modative disorders  in  juvenile  patients  before  they  became  myopic. «2-«5  ^ 
number  of  studies^^  ^ave  reported  differences  in  accommodation  and 
vergence  function  examined  in  the  laboratory  in  different  types  of  refractive 
errors  in  adults,  but  this  has  not  been  examined  quantitatively  in  children 
before  juvenile  onset  of  myopia.  We  have  begun  a  study  comparing  clinical 
accommodation  and  convergence  findings  in  children  who  become  myopic 
and  children  who  remain  emmetropic.  If  this  study  yields  a  positive  result. 
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Single  vision 

Bifocal 

Stat.  sig. 

lens  wearers 

wearers 

of  difference 

n 

Mean 

Mean 

SD 

in  means 

Roberts  and  Banford^^ 

All  patients 

396 

-0.41 

85 

-0.31 

Exo  and  ortho 

181 

-0.41 

17 

-0.38 

Esophona 

167 

-0.48 

65 

-0.28 



Goss^" 

All  patients 

52 

-0.44 

0.26 

60 

-0.37 

0.24 

n.s. 

^  6  exophoria 

9 

-0.47 

0.31 

3 

-0.48 

0.22 

n.s. 

0-6  exophoria 

27 

-0.43 

0.21 

18 

-0.45 

0.27 

n.s. 

esophoria 

10 

-0.54 

0.30 

35 

-0.32 

0.20 

p<0.05 

cr.  cyl.  net<0.50 

23 

-0.31 

0.25 

6 

-0.41 

0.22 

n.s. 

cr.  cyl.  net^O.50 

16 

-0.48 

0.30 

36 

-0.25 

0.17 

p<0.01 

TABLE  3.  Mean  rates  of  childhood  myopia  progression  in  diopters  per  year  as  a  function 
of  nearpoint  phoria  and  nearpoint  binocular  cross  cylinder  net  (numerical  difference  between 
the  nearpoint  binocular  cross  cylinder  result  and  the  distance  binocular  subjective  refreaction). 
Standard  deviations  and  statistical  significance  levels  were  not  given  in  the  original  Roberts 
and  Banford  publication.  Phoria  and  cross  cylinder  data  were  not  available  for  some  patients. 


additional  questions  to  be  asked  would  be  how  much  defocus  is  necessary 
to  activate  this  mechanism  and  whether  appropriate  treatment  regimens 
could  prevent  juvenile-onset  myopia. 

CONSISTENCY  OF  THIS  HYPOTHESIS  WITH  A  FEEDBACK  HYPOTH- 
ESIS FOR  EMMETROPIZATION 

Various  hypotheses  have  been  put  forward  to  explain  the  leptokurtic 
distribution  of  refractive  errors,  with  predominance  of  emmetropia.92,93  a 
number  of  studies  have  reported  inverse  correlations  of  axial  length  with 
corneal  power  and  with  lens  power.^s-^^  However,  computer  simulation  by 
Berck^«  failed  to  find  leptokurtosis  of  refractive  errors  as  great  as  observed 
levels  in  the  population  when  refractive  errors  were  calculated  with  cor- 
relation of  components  as  observed  by  Sorsby  et  al.^^  That  is,  correlations 
of  components  are  not  sufficient  to  account  completely  for  emmetropiza- 
tion.  Stenstrom^^  and  Araki^^  reported  leptokurtic  distributions  of  axial 
length.  Sorsby^s  suggested  that  axial  length  was  normally  distributed,  but 
a  recent  re-analysis  of  Sorsby's  data  by  CarrolP^"  yielded  a  leptokurtic  dis- 
tribution. Leptokurtosis  of  ocular  axial  length  may  imply  that  some  feed- 


Retinal  Image-Mediated  Ocular  Growth 


177 


back  mechanism  guides  ocular  growth.  A  number  of  authors  35,37,46,47,101,102 
have  proposed  that  the  quality  of  retinal  imagery  provides  such  feedback. 

SUMMARY  AND  COMMENTS 

Myopia  has  been  induced  in  laboratory  animals  by  form  deprivation. 
This  animal  model  so  far  has  not  been  successfully  related  to  the  common 
juvenile-onset  myopia  in  humans.  This  paper  has  presented  a  hypothesis 
that  juvenile  onset  myopia  is  related  to  slightly  blurred  (defocused)  retinal 
imagery  secondary  to  accommodative  dysfunction,  through  a  mechanism 
of  retinal  image-mediated  ocular  grov^th.  While  definitive  support  for  this 
hypothesis  is  lacking,  clinical  observations  consistent  with  this  hypothesis 
have  been  presented.  These  observations  do  not  rule  out  other  hypotheses, 
but  the  hypothesis  given  here  appears  to  deserve  further  investigation. 
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ABSTRACT.  A  longitudinal  study  of  16  infants  with  unilateral  depriva- 
tional  amblyopia  was  conducted  using  VEPs.  The  infants  fell  into  3  clinical 
groups:  1)  those  with  dense  cataracts  diagnosed  early  in  life,  2)  those  with 
dense  cataracts  along  with  other  ocular  complications,  and  3)  those  with 
partial  cataracts.  All  infants  had  early  surgery,  contact  lens  correction  and 
an  aggressive  patching  regimen  to  treat  their  amblyopia. 

All  infants  in  Group  1  developed  useful  vision  in  their  amblyopic  eyes. 
VEPs  showed  rapid  improvement  in  the  first  8  to  10  months  post  correction. 
However,  a  residual  deficit  in  the  aphakic  eye  remained  throughout  the 
study.  Group  2  infants,  with  complicated  histories,  had  a  dichotomous 
pattern  of  visual  recovery.  Some  showed  excellent  results  comparable  to 
those  in  Group  1.  Others  showed  little  or  no  visual  recovery.  Infants  with 
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partial  cataracts.  Group  3,  had  an  initial  milder  amblyopia  and  progressed 
to  better  visual  outcomes  than  all  other  infants. 

This  study  has  demonstrated  that  early  surgical  treatment,  contact  lens 
correction  and  patching  leads  to  an  excellent  prognosis  for  significant  visual 
recovery  from  unilateral  deprivational  amblyopia. 
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VISUAL  EVOKED  POTENTIAL  (VEP) 
MEASURES  OF  VISION  IN  UNILATERAL 
APHAKIC  INFANTS 


Complete  unilateral  deprivation  of  patterned  vision  early  in  life  induces 
the  most  severe  form  of  amblyopia^-^.  In  human  infants,  deprivational  am- 
blyopia can  result  from  conditions  such  as  dense  congenital  cataract,  per- 
sistent hyperplastic  primary  vitreous  (PHPV)  and  ptosis.  Deprivational 
amblyopia  presents  a  more  serious  clinical  challenge  than  the  relatively 
milder  forms  of  strabismic  and  anisometropic  amblyopia.  In  addition,  dep- 
rivational amblyopia  forms  a  much  closer  analogy  to  animal  models  of 
amblyopia  induced  by  lid  suture  or  occlusion. 

The  prognosis  for  development  of  visual  resolution  in  animals  mon- 
ocularly  deprived  from  birth  improves  if  the  deprivation  period  is  short 
and  if  the  fellow  eye  is  occluded  soon  after  deprivation  is  ended.  Studies 
of  cats  suggest  that  optimal  improvements  in  acuity  without  inducing  am- 
blyopia in  the  fellow  eye  are  achieved  by  patching  the  fellow  eye  50%  to 
70%  of  the  time3. 

Following  unilateral  visual  deprivation  from  dense  congenital  cata- 
racts, deficiencies  in  a  number  of  visual  functions  have  been  reported  in 
unilateral  aphakic  infants  and  children.  These  include:  decreased  visual 
resolution,  asymmetric  optokinetic  nystagmus,  loss  of  peripheral  sensitiv- 
ity (particularly  in  the  nasal  field),  loss  of  contrast  sensitivity  (particularly 
to  high  spatial  frequency  stimuli),  diminished  VEP  responses  and  poor 
colour  discrimination  9,  lo,  u,  u,  13  jy^q^q  jg  general  agreement  that, 

in  humans  as  well  as  in  animals,  early  correction  and  patching  of  the  fellow 
eye  markedly  improves  visual  function.  Asymmetric  optokinetic  nystag- 
mus is  an  exception  which  does  not  respond  to  patching'". 

Most  studies  of  infants  born  with  unilateral  visual  deprivation  have 
used  psychophysical  techniques  to  measure  visual  functions^-         12, 13,  m 
Only  a  few  cases  of  congenital  monocular  visual  deprivation  have  been 
studied  using  VEP  assessments  of  visual  function^  \  The  medical  histories 
and  management  varies  considerably  among  these  reported  cases. 

A  group  of  16  infants  with  deprivational  amblyopia  have  been  followed 
longitudinally  using  VEPs.  All  infants  had  visual  input  restored  after  early 
surgical  removal  of  the  cataract  and/or  vitreous  opacity  and  aphakic  contact 
lens  correction.  Similarities  in  medical  histories  and  management  of  this 
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group  allow  a  general  description  of  VEP  development  following  early 
visual  deprivation. 

Subjects 

Since  1984,  the  aphakic  infants  who  had  surgical  and  contact  lens 
management  at  The  Hospital  for  Sick  Children  have  been  referred  to  the 
visual  electrodiagnostic  unit  for  serial  VEP  assessments.  Of  the  54  infants 
and  children  who  have  been  assessed,  16  met  the  following  two  criteria 
for  inclusion  in  this  study:  1)  They  had  monocular  visual  deprivation  re- 
sulting in  a  unilateral  lensectomy  prior  to  16  months  of  age,  2)  They  have 
been  followed  in  the  unit  for  at  least  1  year  and  have  had  at  least  4  as- 
sessments. Table  1  lists  all  of  the  subjects  and  gives  the  principle  char- 
acteristics of  each  case. 

The  16  children  were  divided  into  3  diagnostic  groups.  Group  1  (7 
infants),  had  uncomplicated  unilateral  congenital  cataracts  which  com- 
pletely blocked  patterned  vision  and  allowed  only  diffuse  light  to  reach 
the  retina.  To  be  included  in  group  1,  infants  must  have  had  a  presurgical 
description  of  their  cataract  made  prior  to  6  months  of  age  which  included 
a  drawing  or  description  of  a  dense  central  cataract,  a  notation  of  dense 
leucocoria  and/or  the  notation  that  the  ocular  fundus  was  completely  ob- 
scured. Infants  in  group  1  had  normal  visual  systems  except  for  their 
unilateral  cataract  and  any  of  the  three  conditions  most  commonly  asso- 
ciated with  cataract:  1)  strabismus  (3  infants  had  esotropia,  two  of  these 
were  corrected  surgically  during  the  assessment  period);  2)  microphthal- 
mus  and  microcornea  (Post  surgical  ultrasound  measurements  of  axial  length 
differed  in  5  out  of  7  cases  with  a  range  of  1.5  to  2.5  mm  of  difference. 
Corneal  diameters  differed  by  0.5  mm  or  more  in  6  of  7  cases.);  and  3) 
latent  nystagmus  was  present  in  all  aphakic  eyes  during  early  assessments. 
(Latent  nystagmus  improved  during  the  assessment  period  in  3  cases  and 
resolved  in  4  cases). 

All  infants  in  group  1  received  contact  lens  corrections  prior  to  8  months 
of  age.  To  be  included  in  group  1  infants  must  have  patched  their  phakic 
eye  at  least  25%  of  the  waking  hours. 

Six  infants  also  had  complete  unilateral  visual  deprivation  as  described 
above  but  they  had  significantly  different  histories  which  could  affect  their 
prognosis.  These  6  infants  were  considered  separately  as  group  2  and 
included  3  cases  of  dense  persistent  hyperplastic  primary  vitreous  (PHPV) 
one  of  these  cases  had  an  associated  macular  retinal  fold  and  diagnosis 
after  5  months  of  age,  1  case  of  congenital  rubella  syndrome  with  hearing 
loss,  mental  retardation  and  "salt  and  pepper"  retinal  pigmentation,  1  case 
with  latent  nystagmus  in  both  the  phakic  and  aphakic  eyes,  and  1  case  in 
which  there  was  no  compliance  with  the  recommended  patching  regimen. 

A  third  group,  3  infants,  were  monocularly  deprived  of  clear  vision 
but  may  have  had  the  ability  to  resolve  at  least  coarse  shapes  during  the 
deprivation  period.  All  of  group  3  infants  were  diagnosed  after  5  months 
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TABLE  1:  Description  of  Subjects 


Subject 

History 

Age  at 

Age  at 

Age  at 

Age  at 

diagnosis 

lensectomy 

CL 

strabismus 

(weeks) 

(membranectomy) 

dispensing 

surgery 

Group  1 

KA 

cataract  OS 

4.0 

7.6 

10.4 

JB 

cataract  OS 

5.0 

5.5 

10.7 

JE 

cataract  OS, 

hyaloid 

0.3 

1.5 

4.9 

- 

remainant 

LK 

cataract  OS 

3.0 

16.4 

19.2 

DP 

cataract  OD, 

4.3 

4.4 

10.1 

secondary  membr. 

(26.2) 

(37.9) 

48 

AS 

cataract  OS 

10.8 

14.2 

18.3 

AT 

cataract  OS 

21.0 

24.1 

34.6 

88 

Group  2 

EM 

cataract  OD 
no  patching 

5.4 

6.6 

18.8 

- 

DG 

PHPV  OS 

8.8 

25.6 

30.4 

BM 

PHV  OD 

4.3 

10.8 

13.9 

AP 

PHPV  OD 
retinal  fold 

34.6 

38.1 

54.6 

79 

AH 

cataract  OD, 
rubella  syndrome 

17.6 

45.3 

50.8 

AM 

cataract  OD, 
bilateral  nystagmus 

13.0 

13.9 

19.4 

Group  3 

BA 

post. 

lenticonus  OD 

22.0 

33.6 

36.8 

111 

KH 

post,  lenticonus  OD,  39.0 

48.1 

55.2 

147 

&  partial  cataract 

GR 

partial  cataract  OD 

33.3 

67.5 

76.6 

of  age.  Two  infants  had  posterior  lenticonus,  one  of  these  had  a  partial 
cataract  as  well.  The  third  infant  had  a  posterior  polar  cataract  which  did 
not  block  the  fundus  view.  None  of  the  infants  in  group  3  had  latent 
nystagmus  although  microphthalmus  (2  of  3)  and  esotropia  (2  of  3)  were 
present  in  this  group. 

Clinical  Management 

In  order  to  minimize  deprivational  amblyopia,  the  clinical  management 
had  three  basic  objectives:  1)  Early  surgery  with  removal  of  the  visual 
obstruction  2)  Prompt  and  accurate  refractive  correction  with  contact  lenses 
and  3)  Patching  of  the  non-deprived  eye  for  50%  of  the  waking  hours.  All 
infants  in  this  study  had  a  unilateral  lensectomy  with  anterior  vitrectomy. 
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Shortly  after  surgical  recovery,  each  infant  had  an  examination  under  anes- 
thesia (EUA)  which  included  fundus  examination,  measurement  of  axial 
length,  keratometry,  and  a  trial  contact  lens  fitting  of  the  aphakic  eye.  Both 
soft  and  rigid  gas  permeable  contact  lenses  were  used  with  the  lens  pro- 
viding the  best  positioning  and  over  refraction  selected  on  an  individual 
case  basis.  Visual  deprivation  was  considered  to  have  ended  when  the  first 
contact  lens  was  dispensed  for  daily  wear.  Contact  lenses  were  fitted  to 
allow  clearest  vision  at  a  50  centimeter  distance  (i.e.  over  refraction  of  - 
2.00  diopters). 

Group  1,  the  infants  with  uncomplicated  complete  cataracts,  had  the 
earliest  diagnosis,  surgery  and  contact  lens  dispensing  (median  ages  of 
4.3,  7.6  and  10.7  weeks  respectively).  Infants  with  partial  visual  depriva- 
tion, group  3,  were  treated  later  than  those  in  all  other  groups  principally 
because  they  were  diagnosed  later  (5  to  9  months  of  age  at  diagnosis).  The 
ages  of  diagnosis,  surgery  and  contact  lens  dispensing  for  each  individual 
case  are  given  in  table  1. 

The  contact  lens  histories  of  these  aphakic  infants  include  many  brief 
interruptions  for  lost  lenses  or  illness  as  well  as  many  refittings  to  correct 
for  the  refractive  and  fitting  changes  associated  with  rapid  growth  of  the 
eye  early  in  life.  All  of  these  patients  were  monitored  very  regularly  in  the 
contact  lens  clinic,  as  often  as  necessary  to  establish  a  satisfactory  correction 
and  every  three  months  thereafter.  Brief  periods  of  interruption  or  inap- 
propriate refractive  correction  were  not  considered  as  periods  of  visual 
deprivation  for  the  purpose  of  this  study.  However,  one  infant  who  re- 
quired secondary  membrane  surgery  was  considered  visually  deprived 
until  after  a  clear  visual  axis  was  restored. 

Compliance  with  the  50%  patching  regimen  was  good  across  all  three 
groups  of  patients  with  a  few  exceptions.  One  infant  in  each  group  (DP, 
AH  and  OR)  had  moderate  compiance  (13  to  37%).  Subject  EM  with  right 
aphakia  did  not  patch  and  was  placed  in  group  2  for  this  reason.  Subject 
AP  with  PHPV  and  a  macular  retinal  fold  was  not  advised  to  patch  her 
unaffected  eye  because  of  the  poor  prognosis  for  visual  recovery  in  the 
aphakic  eye  but  she  continued  patching  a  few  hours  per  week. 

Regular  VEP  assessments  were  introduced  as  part  of  the  routine  clinical 
care  of  these  aphakic  infants.  Feedback  was  given  to  the  parents  and  reports 
were  sent  to  the  medical  and  contact  lens  files.  However,  results  of  VEP 
assessments  were  not  used  to  modify  any  other  aspect  of  clinical  manage- 
ment of  these  subjects. 

Methods 

VEP  assessments  began  with  a  brief  vision  screening  in  which  pupillary 
responses,  fixation  and  contact  lens  over  refraction  were  checked. 

Standard  VEP  recordings  to  pattern  reversing  checkerboard  stimuli 
were  measured  using  a  Nicolet  CA2000  clinical  evoked  potential  system. 
The  active  electrode  was  placed  one  centimeter  above  the  inion  with  the 
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reference  and  ground  electrodes  on  the  earlobes.  Electrode  impedance  was 
below  5  mega  ohms.  The  infant  was  seated  75  cm  in  front  of  a  video  screen 
which  generated  checkerboard  patterns  of  95%  contrast  switching  at  1.88 
reversals  per  second.  Incoming  voltages  were  fed  to  preamplifiers  then 
filtered  with  a  bandpass  of  0.1  to  35  Hz.  The  VEPs  were  averaged  over  a 
400  millisecond  epoch  beginning  at  the  stimulus  reversal.  Twenty  to  40 
epochs  were  averaged  for  each  trial. 

Several  modifications  facilitated  the  testing  of  infants  and  young  chil- 
dren. The  infants  were  seated  on  their  parent's  lap  in  a  darkened  booth 
with  no  visible  distractions.  An  observer  located  behind  the  stimulus  mon- 
itored fixation  and  operated  an  interrupt  switch  so  that  VEPs  were  collected 
only  while  the  infants  were  watching  the  stimulus.  This  observer  also  made 
sounds  and  jingled  keys  in  front  of  the  stimulus  to  maintain  interest.  An 
artifact  rejection  function  was  engaged  which  eliminated  all  epochs  con- 
taminated by  head  and  body  movements. 

Infants  were  tested  monocularly  with  an  adhesive  eye  patch  used  as 
an  occluder.  Check  size  could  be  varied  from  7.5  minutes  of  arc  to  full 
screen  flash  in  single  octave  steps  as  follows:  7.5,  15,  30,  60,  120,  240,  480 
minutes  and  flash.  At  least  two  trials  of  each  check  size  were  attempted 
with  each  eye,  except  that  sizes  above  120  minutes  were  not  tested  when 
VEP  responses  were  clearly  present  to  smaller  patterns,  and  small  patterns 
were  not  tested  when  there  was  no  response  to  medium  sizes.  Cooperation 
was  rated  excellent,  good,  fair  or  poor  by  the  observer,  based  on  the  infant's 
attentiveness  or  fussiness. 

An  attempt  was  made  to  have  the  infant  wear  a  compensating  lens  in 
a  trial  frame  whenever  the  contact  lens  overrefraction  indicated  more  than 
3  diopters  of  blur  at  the  stimulus  distance  (i.e.  an  over  refraction  greater 
than  +1.75  or  less  than  -4.50).  VEP  assessments  were  scheduled  approx- 
imately monthly  while  the  infants  were  under  one  year  of  age,  every  3 
months  up  to  2  years  of  age  and  every  6  months  thereafter. 


Data  Analysis 

The  morphology  of  the  transient  VEP  changes  rapidly  in  the  first  6 
months  of  lifei^^  and  is  quite  different  in  normal  and  amblyopic  eyes^^. 
For  these  reasons  no  attempt  was  made  to  define  specific  VEP  peaks  or 
troughs.  VEPs  were  defined  as  present  or  absent  to  a  specific  stimulus 
based  on  repeatability.  That  is,  the  VEP  is  present  if  one  or  more  "sub- 
stantial" peaks  or  troughs  occurred  at  the  same  latency  (±20  msec.)  on 
both  trials  to  that  stimulus  size.  To  avoid  measuring  small  baseline  fluc- 
tuations, a  "substantial"  peak  or  trough  was  defined  as  the  largest  peak 
to  trough  amplitude  within  a  130  milliseconds  segment  ( ±  65  msec.)  of  that 
trial.  Analyses  were  based  on  a)  the  minimum  check  size  which  produced 
a  repeatable  VEP  and  b)  the  latency  and  amplitude  of  the  VEP  to  the  120 
minute  stimulus  whenever  this  response  was  present.  Latency  was  meas- 
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ured  to  the  first  repeatable  peak  and  the  greatest  peak  to  trough  amplitude 
within  a  130  millisecond  time  was  used  as  a  measure  of  amplitude. 


Results 

A  total  of  124  assessments  were  completed  on  16  monocularly  aphakic 
children  (median  number  of  assessments  per  child  is  8  with  a  range  of  4 
to  15).  Assessments  were  conducted  when  the  children  were  aged  10  weeks 
through  3  years,  9  months.  Only  two  assessments  were  aborted  due  to 
uncooperative  infants.  VEP  traces  from  a  typical  assessment  are  illustrated 
in  figure  1.  Examples  of  the  longitudinal  changes  in  minimum  check  size 
eliciting  a  VEP  and  the  in  latency  of  the  VEP  to  the  120  minute  stimulus 
are  shown  in  figure  2. 

In  group  1,  all  7  infants  showed  similar  patterns  of  VEP  responses. 
Specifically,  the  minimum  check  size  which  elicited  a  VEP  in  the  aphakic 
eye  decreased  sharply  over  the  first  8  to  10  nnonths  (34  to  47  weeks)  post 
deprivation  with  a  small  residual  deficit  in  the  aphakic  eye  continuing  up 
to  2  1/2  years  (152  weeks)  post  correction.  Figure  3  shows  the  combined 
data  for  group  1.  Small  improvements  in  the  phakic  eyes  are  apparent  from 
the  presurgical  point  through  the  first  6  weeks  post  correction.  This  is  the 
improvement  associated  with  normal  rapid  development  in  VEP  responses 
in  the  first  6  months  of  life'«'  '\  Development  of  the  phakic  eyes  cannot  be 
followed  in  this  study  because  most  infants  have  a  response  to  the  smallest 
stimulus  (7.5')  by  5  months  of  age. 

The  VEP  to  a  large  patterned  stimulus  (120')  is  markedly  delayed  or 
absent  in  the  earliest  post  correction  assessments  of  children  in  group  1. 
Thereafter,  the  aphakic  eyes  show  a  small  delay  in  VEP  latency  and  much 
larger  intersubject  variability  than  the  latency  of  the  VEPs  from  phakic 
eyes.  Figure  4  shows  the  average  latencies  for  all  7  cases  in  group  1. 

VEP  amplitudes  showed  extreme  variability  both  within  and  among 
subjects.  To  decrease  variability,  VEP  amplitudes  were  expressed  as  the 
relative  amplitudes  of  the  VEP  from  the  aphakic  eye  compared  with  the 
phakic  eye  within  the  same  session.  VEPs  from  aphakic  eyes  had  generally 
smaller  amplitudes  than  those  from  normal  eyes  (see  figure  5).  However, 
even  this  measure  of  relative  amplitude  is  too  variable  to  allow  monitoring 
of  individual  cases. 

Since  group  2  infants  have  more  varied  histories,  their  data  were  not 
combined.  Two  general  patterns  were  found  in  the  VEP  assessments  of 
the  group  2  infants.  Three  infants  (DG,  AH,  and  AM)  showed  post-dep- 
rivation VEP  development  which  was  indistinguishable  from  the  infants 
in  group  1.  (16  of  17  assessments  of  the  aphakic  eyes  of  these  three  infants 
fell  within  1  standard  deviation  of  the  averages  for  group  1  as  shown  in 
figures  3  and  4.)  Data  for  the  minimum  check  size  to  elicit  VEPs  from  two 
of  these  cases  are  shown  on  the  right  of  Figure  6.  AM  differs  from  other 
cases  because  she  had  latent  nystagmus  in  both  eyes.  Her  phakic  eye 
showed  poorer  responses  than  the  normal  eyes  of  other  infants. 
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Figure  1:  VEP  traces  from  one  assessment  of  subject  LK  are  shown  above  for  the  right  phakic 
eye  and  the  left  aphakic  eye.  Stimuli  were  checkerboards  alternating  at  1.88  reversals 
per  second.  Check  sizes  in  one  octave  steps  from  120  to  15  minutes  of  arc  were  used. 
The  latency  to  the  first  positive  peak  is  labeled  for  each  peak  which  showed  repeatability 
of  individual  trials.  The  assessment  shown  above  was  conducted  when  LK  was  50 
weeks  (11  months)  old,  30  weeks  after  she  received  a  contact  lens  correction  in  her  left 
eye. 
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Figure  7.  The  minimum  check  size  eliciting  a  VEP  and  the  PI 00  latency  to  the  120'  check 
stimulus  is  shown  for  subject  KH  who  was  born  with  a  partial  cataract  in  her  right  eye. 
The  first  surgery  indicated  was  her  lensectomy,  the  second  was  a  strabismus  repair. 
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I'ho  other  three  cases  in  group  2  (HM,  I3M  and  AI')  showed  little  or 
no  improvement  in  their  aphakic  eyes  following  deprivation  (see  the  left 
graphs  in  figure  6).  One  of  these  cases  (EM)  is  particularly  notable  because 
her  only  visual  "complication"  was  that  she  did  not  comply  with  the  patch- 
ing regimen.  She  did,  however,  wear  a  contact  lens  correction.  The  other 
two  cases  with  poor  development  were  AP  who  had  a  macular  retinal  fold 
and  BM  who  had  PHPV. 

All  three  infants  with  partial  visual  deprivation,  group  3,  had  better 
VEPs  from  their  aphakic  eyes  than  the  infants  with  complete  deprivation, 
even  though  these  infants  received  later  diagnoses  and  correction.  Figure 
7  shows  the  minimum  check  size  which  elicited  a  VEP  in  KH  who  was 
typical  of  this  group.  All  3  of  these  children  are  now  old  enough  to  have 
visual  acuities  measured  by  the  Sheridan-Gardiner  method.  They  have  mild 
to  moderate  amblyopia  (acuity  range  6/12  to  6/36)  but  a  VEP  response  was 
often  elicited  by  our  smallest  stimulus,  7.5  minutes  of  arc  checks,  in  their 
aphakic  eyes  thus  reaching  the  sensitivity  limit  of  this  analysis. 


Conclusion 

All  seven  infants  with  uncomplicated  dense  unilateral  cataract  showed 
rapid  visual  development  in  the  first  8  to  10  months  after  correction.  Ex- 
ceptional children  who  developed  reasonably  good  vision  following  com- 
plete visual  deprivation  have  been  reported  in  previous  studies'^- 
However,  this  series  has  shown  that  useful  visual  function  can  be  expected 
when  visual  deprivation  is  treated  with  early  surgery,  early  correction  and 
occlusion  of  the  undeprived  eye  for  50%  of  the  waking  hours.  Our  case, 
EM,  who  did  not  occlude  showed  almost  no  visual  development  in  her 
aphakic  eye.  This  supports  the  finding  of  other  authors,^"'  "  that  occlusion 
can  be  crucial  for  post-deprivation  visual  development  even  when  there 
has  been  early  surgery  and  correction. 

Several  cases  illustrate  good  post-deprivation  visual  development  when 
PHPV,  congenital  rubella  syndrome  and  bilateral  nystagmus  were  present 
along  with  unilateral  visual  deprivation.  However,  the  visual  prognosis  in 
PHPV  may  be  poorer  than  in  cataract.  Two  cases  of  PHPV,  one  with  retinal 
complications,  did  not  show  significant  post-deprivational  development. 

The  age,  at  correction  of  the  infants  with  complete  unilateral  depri- 
vation ranged  from  5  to  37  weeks.  Although  the  group  is  not  large  enough 
for  rigorous  statistical  evaluation,  it  is  interesting  to  note  that  within  this 
young  group  there  were  no  obvious  differences  in  either  the  rate  of  visual 
development  or  the  eventual  VEP  threshold  of  the  aphakic  eye.  Children 
treated  for  dense  congenital  cataracts  at  later  ages  can  have  a  markedly 
poorer  visual  outcome  (e.g.  correction  after  6  months'",  correction  at  11 
and  21  months  However,  these  older  patients  did  not  receive  consistent 
patching  so  the  effect  of  prolonged  deprivation  alone  cannot  be  distin- 
guished from  the  effect  of  shorter  deprivation  without  patching  (see  also'^) 
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Since  5  to  37  weeks  of  visual  deprivation  produces  amblyopia  which 
is  partially  reversible,  it  is  clear  that  the  critical  period  for  visual  devel- 
opment extends  at  least  up  to  37  weeks  of  age.  The  deprivational  amblyopia 
is  not  completely  reversible  so  it  would  seem  that  the  critical  period  for 
normal  visual  development  has  begun  by  5  weeks  of  age.  However,  some 
caution  must  be  introduced  in  interpreting  the  residual  visual  deficits  as 
entirely  due  to  irreversible  deprivational  amblyopia.  Nearly  all  infants  in 
this  study  had  microphthalmus  in  their  aphakic  eye.  These  small  eyes 
cannot  be  assumed  to  have  the  same  visual  potential  as  fully  developed 
eyes.  In  addition,  aphakic  correction  does  not  restore  entirely  normal  visual 
input.  Aphakic  eyes  experience  blur  at  some  distances  because  they  cannot 
accommodate  and  partial  deprivation  from  strabismus  or  from  uncorrected 
refractive  errors  are  frequently  present  beyond  the  initial  period  of  complete 
visual  deprivation.  Studies  of  aphakic  children  with  deprivational  ambly- 
opia are  continuing.  As  numbers  are  increased  it  is  hoped  that  the  under- 
standing of  visual  deprivation  and  reversal  of  its  effects  will  be  increased 
further. 
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ABSTRACT.  Many  clinical  decisions  regarding  the  visual  field  are  based 
on  a  qualitative  analysis  of  visual  field  charts.  This  paper  describes  ways 
to  make  visual  field  data  (specifically,  Goldmann  perimeter  charts)  acces- 
sible to  the  computer.  This  permits  analysis  of  visual  field  area,  which  in 
turn  makes  it  possible  to  do  a  quantitative  analysis  of  effects  of  age  and 
pupil  diameter  on  the  size  of  the  visual  field.  Other  uses  of  this  analysis 
described  in  the  paper  include:  an  assessment  of  the  size  of  visual  field 
quadrants  as  a  percentage  of  the  total  field  area;  earlier  recognition  of 
abnormal  isopters  in  glaucoma;  differing  effects  of  glaucoma  and  retinitis 
pigmentosa  on  the  visual  field  area;  and  differences  among  phakic  and 
aphakic  populations. 
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A  great  deal  of  the  information  generated  in  an  optometric  setting  is 
on  paper  or  in  a  photographic  form.  Analysis  of  this  information,  for  ex- 
ample a  Goldmann  perimetry  chart,  is  frequently  qualitative:  the  clinician 
makes  a  decision  based  on  clinical  experience.  If  ways  can  be  found  to 
transfer  such  information  into  a  more  quantitative  form,  then  this  analysis 
may  enable  the  clinician  and  researcher  to  make  more  informed  decisions. 

Earlier  researchers  have  used  a  planimeter  to  trace  the  outline  of  is- 
opters  and  calculate  the  area  they  contain.  ^  A  more  current  method  of 
analysis  may  be  performed  by  taking  the  object  (photograph  or  visual  field 
chart)  to  be  analysed  and  placing  it  on  a  digitizing  pad.  By  lining  up  a 
cross-hair  or  stylus  with  pertinent  points,  it  is  possible  to  digitize  (that  is, 
generate  X  and  Y  coordinates  for)  each  point  on  the  chart.  These  coordinates 
may  be  used  in  conjunction  with  the  formulas  of  analytic  geometry  to 
calculate  various  attributes  of  the  two-dimensional  object  under  analysis. 
This  method  was  previously  used  to  measure  the  effects  of  provocative 
testing  with  topical  cortisone  in  patients  with  ocular  hypertension. ^  I  have 
used  this  sort  of  system  to  calculate  the  tortuosity  of  retinal  arterioles  and 
the  shape  of  the  optic  nerve  head  (on  fundus  photographs)  and  to  fit  ellipses 
to  visual  field  isopters  and  blindspots. 

Digitizing  a  Visual  Field  Chart 

If  one  places  a  Goldmann  visual  field  chart  on  the  digitizing  table  and 
determines  X  and  Y  coordinates  for  the  points  around  a  given  isopter,  as 
well  as  for  the  fixation  point,  it  is  possible  to  calculate  the  area  contained 
within  the  isopter,  the  area  contained  within  a  given  quadrant  of  the  visual 
field,  or  the  area  within  a  given  sector  of  the  visual  field.  The  visual  field 
areas  discussed  in  this  paper  are  expressed  in  terms  of  the  area  (in  square 
millimeters)  contained  within  a  given  isopter  (or  quadrant)  on  the  surface 
of  the  Goldmann  visual  chart.  Digitizing  the  isopter  permits  the  visual  field 
information  to  be  manipulated  numerically:  this  allows  a  more  quantitative 
analysis. 

Effects  of  Aging  on  the  Visual  Field 

Clinicians  have  long  been  aware  that  the  extent  of  the  visual  field  of 
an  older  patient  is  usually  smaller  than  that  of  a  younger  patient. 

Fig.  1  shows  the  results  of  digitizing  130  Goldmann  1-2  isopters  for  a 
group  of  people  10  to  75  years  of  age.^-*  Only  one  isopter  for  each  person 
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Figure  1.  Scatter  plot  of  the  1-2  visual  field  area  for  the  right  eye  of  130  normal  paHents  aged 
from  10  to  75  years.  The  three  dashed  lines  represent  (from  top  to  bottom)  the  upper 
95%  confidence  limit  for  the  mean  area  at  any  age,  the  least  squares  line,  and  the  lower 
95%  confidence  limit  for  the  mean  area  at  any  age.  Reprinted  by  permission  from 
Williams  TD.  Aging  and  visual  field  area.  Am  J  Optom  Physiol  Opt  1983;60(11):888- 
891. 


was  used  for  this  analysis.  These  individuals  were  all  free  of  ocular  or 
systemic  disease.  The  Goldmann  1-2  test  target  yields  a  visual  field  equiv- 
alent in  size  to  that  obtained  with  a  1  mm  white  target  at  the  1  meter 
tangent  screen. 

The  least  squares  line  fitted  to  these  data  is  y  =  -83x  +  8616.  The 
correlation  for  these  data  (r)  =  0.72.  From  the  least  squares  line,  one  may 
calculate  that  the  Goldmann  1-2  isopter  area  decreases  at  a  rate  of  about 
10%  per  decade.  A  75-year-old  individual  would  be  expected  to  have  a 
field  area  equal  to  25%  of  the  y-intercept  value,  or  2154  square  millimeters. 
The  75-year-old  in  the  study  had  an  1-2  field  area  of  2118  square  millimeters. 

Fig.  2  shows  results  of  a  quadrant-by-quadrant  analysis  of  the  above- 
mentioned  visual  fields.  The  number  of  isopters  for  each  age  group  is 
shown  in  Fig.  3:  in  this  case,  right  and  left  visual  field  results  of  each 
individual  were  used.  Again,  as  clinical  experience  would  suggest,  we  see 
that  the  temporal  quadrants  are  larger  than  the  nasal  quadrants,  and  also 
that  the  inferior  quadrants  tend  to  be  larger  than  the  superior  quadrants. 
Data  for  the  Goldmann  1-2  and  1-4  isopters  are  shown  in  Fig.  2.  The  1-4 
test  target  is  1  log  unit  more  intense  than  the  1-2  test  target.  Despite  the 
large  changes  in  visual  field  area  over  the  4  decades  shown,  the  quadrants 
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Figure  2.  Area  of  the  visual  field  quadrants  for  the  same  group  of  people  as  Fig.  1,  expressed 
as  a  percentage  of  the  total  visual  field  area,  as  a  function  of  age.  Despite  a  roughly 
40%  decrease  in  the  total  visual  field  area  over  the  4  decades  shov^^n,  each  quadrant 
occupies  a  remarkably  constant  proportion  of  the  total  visual  field.  Data  shown  in  Fig. 
2  are  drawn  from  right  and  left  eye  field  data  for  these  people:  number  of  isopters  and 
ages  are  as  shown  in  Fig.  3. 


occupy  the  same  percentage  of  the  total  field.  This  finding  suggests  that 
all  quadrants  of  the  visual  field  are  equally  affected  by  the  aging  process. ^ 

Effects  of  Increasing  Stimulus  Intensity 

Fig.  3  shows  the  effect  of  intensity  on  the  area  of  the  visual  field  for 
the  group  of  individuals  described  above.  For  this  figure,  right  and  left 
isopter  data  were  combined.  On  the  X-axis,  the  stimulus  value  is  obtained 
by  adding  together  the  Roman  and  Arabic  numerals  of  the  Goldmann 
stimuli;  thus,  the  1-2,  1-3,  and  1-4  stimuli  have  stimulus  values  of  3,  4  and 
5  respectively. 

The  slope  of  the  functions  for  the  age  groups  shown  is  the  same.  It 
appears  that,  while  older  individuals  have  smaller  visual  fields,  their  ability 
to  respond  to  increased  stimulus  intensity  is  unchanged.  This  trait  of  the 
visual  field  may  be  used  to  identify  patients  with  various  ocular  diseases. 

Fig.  4  shows  data  for  a  53  year  old  patient  with  chronic  open-angle 
glaucoma.  Goldmann  visual  field  charts  are  shown  in  Fig.  4A  and  B.  Testing 
was  done  with  the  1-2,  1-3  and  1-4  stimuli.  The  visual  field  for  the  left  eye 
(Fig.  4B)  shows  a  profound  loss  of  sensitivity  in  the  superior  nasal  quadrant. 
At  first  glance,  the  field  for  the  right  eye  (Fig.  4A)  appears  unremarkable. 
Analysing  the  isopter  areas,  one  sees  in  Fig.  4C  that  the  left  eye's  response 
to  increased  stimulus  intensity  is  different  from  the  norm  for  that  age  group. 
The  right  eye's  response  in  Fig.  4C  is  at  the  lower  end  of  the  normal  range. 
If  the  superior  nasal  quadrant  areas  are  analysed,  the  results  shown  in  Fig. 
4D  are  obtained:  these  show  a  nearly  flat  response  as  far  as  the  left  eye  is 
concerned,  but  the  response  of  the  right  eye  is  departing  more  and  more 
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Figure  3.  Effect  of  increasing  stimulus  intensity  on  the  area  of  the  Goldmann  visual  field. 
Stimulus  value  is  determined  by  adding  together  the  Roman  and  Arabic  numbers  which 
specify  the  target  area  and  intensity;  thus,  the  stimulus  values  for  the  1-2,  1-3,  and  1-4 
targets  are  3,  4,  and  5  respectively.  Reprinted  by  permission  from  Williams  TD.  Aging 
and  the  isopter  area.  Ophthalmic  Optician  1985;25(4):98-102, 


from  the  normal  as  stimulus  intensity  is  increased.^  The  slope  of  these 
functions  provides  a  further  quantitative  value  for  analysis  of  visual  field 
data. 

Fig.  5  shows  the  response  of  a  patient  with  retinitis  pigmentosa  to 
increased  stimulus  intensity.  In  this  case,  it  appears  that  the  departure 
from  normal  decreases  if  the  stimulus  intensity  is  increased  sufficiently 
(note  the  equal  slopes  for  the  last  limb  of  the  RP  function  and  the  normal 
function).  While  the  data  of  Fig.  4  were  not  obtained  with  the  same  wide 
range  of  stimulus  intensities  as  those  in  Fig.  5,  I  would  suggest  that  the 
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Figure  5.  Visual  field  area  data  for  27  normal  patients  aged  40  to  50  years  (upper  function). 
Error  bars  show  1  SD  on  either  side  of  the  mean  values.  Visual  field  area  for  five  isopters 
of  a  42-year-old  female  with  retinitis  pigmentosa  are  shown  on  lower  function.  Note 
that  the  slope  of  this  function  more  closely  approximates  normal  when  stronger  stimuli 
are  used.  Reprinted  by  permission  from  Williams.'' 


visual  fields  for  these  two  different  disease  conditions  show  different  re- 
sponses to  increased  stimulus  intensity.  It  may  be  that  conditions  affecting 
receptors  show  a  more  normal  field  area  vs  intensity  slope  when  the  in- 
tensity is  increased,  while  conditions  which  affect  (for  example)  ganglion 
cells  show  a  less  normal  field  area  vs  intensity  slope  when  intensity  is 
increased.  This  question  clearly  requires  more  investigation. 
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Figure  6.    Scatterplot  of  1-2  visual  field  area  and  pupil  diameter  for  130  normal  individuals 
between  10  and  75  years  of  age. 


Causes  for  Decreased  Visual  Field  Area  With  Age 

Weale  has  suggested  that  changes  in  the  ocular  media,  coupled  with 
decreased  pupil  size  are  major  contributors  to  the  decrease  in  visual  field 
size  with  age7  Later  reports  by  Weale  and  others  have  suggested  that 
retinal  and  post-retinal  factors  may  play  a  more  significant  role.^-^ 

In  the  group  of  people  reported  above,  there  was  a  weak,  but  signif- 
icant, association  between  pupil  size  and  1-2  visual  field  area.  The  scatter 
plot  for  these  data  is  shown  in  Fig.  6.  Pupil  diameter  was  measured  to  the 
nearest  millimeter  using  the  reticle  in  the  observation  system  of  the  Gold- 
mann  perimeter  immediately  prior  to  field  testing.  The  coefficient  of  cor- 
relation (r)  for  these  data  was  +  .56.  Only  33%  of  the  variation  in  field  area 
was  related  to  pupil  size.  A  similar  analysis  for  age  and  pupil  size  gave  a 
similar  correlation  (r  =  0.57).  If  a  multiple  regression  analysis  is  done  to 
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Figure  7.  Visual  field  areas  for  two  populations  of  post-cataract-surgery  individuals 
(CL  =  corrected  with  contact  lenses,  and  lOL  =  corrected  with  intraocular  lens  implant) 
and  one  population  of  phakic  individuals.  Age  distributions  for  all  three  groups  are 
comparable.  Visual  field  area  represented  is  that  contained  within  the  given  isopter  on 
the  Goldmann  field  chart  (see  text  for  magnification  compensation).  Means  and  one 
standard  deviation  on  either  side  of  the  means  are  shown.  Reprinted  with  permission 
from  Lazarus  L,  Williams  TD.  Visual  field  area  in  phakic,  aphakic,  and  pseudophakic 
individuals.  Am  J  Optom  Physiol  Optics  1988;65(7):593-7. 
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determine  the  combined  effects  of  age  and  pupil  size  on  field  area,  the 
correlation  is  only  slightly  increased  (r  =  0.74)  from  that  between  field  area 
and  age  (r  =  0.72). 

To  determine  whether  changes  in  the  crystalline  lens  were  contributing 
to  the  decrease  in  field  area  with  age,  a  study  was  done  on  a  group  of 
pseudophakic  individuals  and  a  group  of  contact-lens-wearing  aphakic 
individuals.!"  The  logic  behind  the  study  was  this:  if  the  crystalline  lens  is 
responsible  for  decreasing  visual  field  area  in  the  older  population,  then 
an  older  population  of  pseudophakic  or  aphakic  people  should  show  a 
larger  visual  field  than  their  age-matched  phakic  contemporaries. 

Results  of  this  study  are  shown  in  Fig.  7.  The  phakic  population  had 
a  larger  field  under  all  test  conditions.  Statistically,  there  was  no  significant 
(p<0.05)  difference  among  the  1-2  visual  field  areas  of  the  three  groups. 
For  the  1-3  and  1-4  stimuli,  however,  the  differences  were  significant  at  the 

0.  05  level.  All  of  these  analyses  were  done  after  correction  for  the  effects 
of  magnification.  The  right-facing  arrows  in  Fig.  7  indicate  a  predicted  field 
area  for  the  average  age  of  the  phakic  group  (66.8  years).  The  average  age 
of  both  the  contact-lens-  and  intraocular-lens-corrected  aphakic  groups  was 
63.8. 

These  studies  support  the  concept  that  pupil  size  and  lens  changes 
are  not  major  contributors  to  the  decrease  in  visual  field  size  with  age.  The 
separation  of  the  groups  shown  in  Fig.  7  suggests  that  the  population  who 
develop  cataracts  may  be  fundamentally  different  from  the  age-matched 
population  who  do  not.  In  Fig.  7,  one  notices  that  the  area  of  the  lOL  and 
CL  fields  departs  increasingly  from  the  norm  and  from  the  phakic  popu- 
lation as  stimulus  intensity  is  increased:  this  is  similar  to  the  behavior  of 
the  right  visual  field  data  shown  in  Fig.  4D.  This  suggests  that  the  ganglion 
cells  in  the  aphakic  population  may  not  be  functioning  normally.  It  may 
be  that,  for  the  lOL  and  CL  populations  depicted  in  Fig.  7,  some  common 
disturbance  caused  both  the  cataract  and  visual  field  changes. 
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ABSTRACT.  Many  variations  of  Snellen's  original  acuity  test  exist.  This 
has  led  to  confusion  in  recording  and  comparing  visual  acuities.  Various 
attempts  to  standardize  visual  acuity  notations  are  discussed.  The  author 
offers  five  recommendations  that,  if  followed,  would  eliminate  most  of  the 
remaining  problems  in  achieving  standardized  visual  acuity  designations. 
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MEASUREMENT  OF  VISUAL  ACUITY— 
TOWARDS  STANDARDIZATION 

It  is  over  a  century  since  Snellen^  published  the  description  of  his 
famous  chart  and  introduced  the  Snellen  Fraction  that  is  still  commonly 
used  to  designate  visual  acuity.  Since  then,  there  have  been  a  multitude 
of  variations  of  Snellen's  original  chart  design  and  there  have  been  several 
alternative  methods  proposed  for  expressing  the  measurement  of  visual 
acuity.  While  clinicians  and  visual  scientists  commonly  use  terms  such  as 
"Snellen  acuity"  and  the  "standard  Snellen  chart",  there  is  a  general  ig- 
norance of  how  nonstandard  "common"  testing  procedures  are.  I  know 
of  no  chart  available  today  that  uses  either  Snellen's  original  set  of  letters, 
his  progression  of  size,  or  his  chart  layout.  However  there  are  numerous 
charts  that  manufacturers,  suppliers,  clinicians,  and  visual  scientists  might 
loosely  refer  to  as  "Snellen  charts",  but  there  is  so  much  variation  in 
significant  design  features  that  they  can  not  be  thought  of  as  being  stand- 
ardized. 

Despite  a  multitude  of  suggestions  and  effects  to  achieve  some 
standardization^  there  has  been  little  progress  until  recently.  In  the  past 
decade,  there  have  been  serious  attempts  by  three  important  authoritative 
bodies  to  develop  better  standardization  of  visual  acuity  measurement. 
Overall,  there  has  been  some  encouraging  but  imperfect  trends  towards 
development  of  a  standardized  methodology  for  measuring  visual  acuity. 
The  three  major  authoritative  bodies  that  have  considered  standardization 
of  visual  acuity  are:  (a)  the  National  Research  Council^  Committee  on 
Vision,  Working  Group  39,  1979;  (b)  the  Concilium  Ophthalmologicum 
Universale^,  Vision  Functions  Committee,  1984;  and  (c)  the  International 
Standards  Organization^,  draft  proposals  DP  8596  and  DP  8597.  Table  1 
shows  that  there  are  several  areas  of  general  agreement  between  these 
bodies.  There  is  agreement  that  a  Landolt  Ring  target  should  be  the  stand- 
ard optotype,  alternative  optotypes  such  as  letters  are  generally  encour- 
aged; and  what  may  be  surprising  to  many  is  that  the  three  organizations 
recommend  a  standard  4  meter  test  distance  (this  is  in  keeping  with 
Hofstetter's^  recommendation).  All  agree  that  the  size  progression  should 
be  in  0.1  log  unit  steps  (size  ratio  1.26  x).  There  is  also  agreement  on  the 
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methodology  by  which  alternativo  systems  (such  as  letters)  should  be  cal- 
ibrated against  the  standard  Landolt  King.  The  recommended  procedure 
is  to  use  a  forcedchoice  paradigm  involving  brief  presentations  of  single 
optotypes.  In  my  view,  this  calibration  procedure  is  inappropriate  because 
optotypes  that  yield  identical  visual  acuity  scores  under  conditions  of  single 
letter  presentation  need  not  necessarily  (and  in  fact  they  do  not)  yield 
identical  scores  when  the  symbols  are  arranged  in  a  chart  format.  I  would 
strongly  advocate  that  a  standard  Landolt  Ring  chart  be  specified  and  al- 
ternative optotypes  or  test  devices  should  be  calibrated  against  such  a 
standard  chart. 

There  are  some  clear  points  of  disagreement  between  the  three  or- 
ganizations' recommendations  (see  Table  2).  The  recommended  number 
of  letters  at  each  size  l^vel  is  10  for  the  NRC  Committee  on  Vision,  but  the 
other  two  organizations  have  a  requirement  that  there  be  at  least  five.  A 
significant  difference  between  the  three  sets  of  recommendations  relate  to 
the  spacing  betvs^een  rows  and  between  letters.  The  NRC  Committee  on 
Vision  allows  the  spacing  to  vary  between  1  or  2  letter  heights  at  any  level 
on  the  chart.  The  COU  allows  a  choice  of  spacing  ratio  (and  again  this  may 
be  between  1  and  2  letter  heights)  but  sensibly  they  insist  that  the  spacing 
ratio  be  constant  throughout  the  chart.  The  ISO  recommends  an  irregular 
sequence  of  spacing  ratios  varying  from  4/10  of  a  letter  height  at  the  largest 
size  level  (20/400)  and  3  times  the  letter  height  at  the  smallest  size  level 
(20/16  and  smaller). 

Over  the  past  ten  years  the  National  Eye  Institute  have  funded  several 
large  multicenter  research  projects  in  which  visual  acuity  was  the  critical 
outcome  variable  used  to  indicate  the  success  of  the  medical  intervention 
under  consideration.  For  all  such  studies  the  similar  visual  acuity  testing 
procedures  have  been  used.  The  charts  incorporate  the  design  features  that 
Jan  Lovie  Kitchen  and  I  proposed  in  1976^.  The  design  features  ensure  that 
the  task  be  standardized  at  each  size  level  and  this  requires  that  there  be 
the  same  number  of  letters  per  row,  (we  chose  5),  that  the  spacing  between 
adjacent  letters  and  adjacent  rows  be  proportional  to  the  print  size  (spacing 
=  1  letter  height),  and  that  the  size  progression  be  logarithmic  (constant 
ratio  1.256  x).  Some  of  the  NEI  studies  use  charts  that  employ  British  letters^ 
(5  units  high,  4  units  wide)  while  others  use  charts  that  have  Sloan  letters^ 
(5  units  high,  5  units  wide). 

Thomas  Raasch  and  I  have  conducted  several  experiments  to  study 
factors  that  influence  the  magnitude  and  the  reliability  of  scores  of  visual 
acuity.  Here  I  will  briefly  present  some  of  our  findings  that  relate  to  (a) 
methods  for  designing  visual  acuity  scores,  (b)  comparisons  between  dif- 
ferent optotypes,  (c)  choices  of  spacing  arrangements,  and  (d)  choices  of 
illumination  levels.  For  these  studies,  our  basic  methodology  has  been  to 
prepare  printed  charts  that  incorporate  the  required  design  features,  and 
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Standard  optotype 
Alternative  optotypes 

Test  Distance 
Size  progression 

Calibration  method 


TABLE  1 
AGREEMENTS 

NRC  WG  39  C.O.U. 


Landolt  ring 
4-choice 

Encouraged 
(Sloan  O.K.) 


4  meters 

0.1  log  unit 
(Ratio  1.2589x) 

Single  optotype 
protocol 


Landolt  ring 
4-choice 

Encouraged 


4  meters 

0.1  log  unit 
(Ratio  1.2589X) 

Single  optotype 
protocol 


I.S.O 


Landolt  ring 
8-choice 

Accepted 


4  meters 

0. 1  log  unit 
(Ratio  1.2589x) 

Single  optotype 
protocol 


#  letters  at  each  size 

Space  between  letters 
Space  between  rows 

Luminance 


TABLE  2 
DISAGREEMENTS 


NRCWQ  39 


10 

(2  gps  of  5) 

1-2  letter  hts 
may  vary 

1-2  lenerhts 
may  vary 

85  cd/m2 


C.O.U. 


at  least  5 


1-2  letter  widths 
uniform 

1-2  letter  widths 
uniform 


at  least  80  cd/m^ 


I.S.O 


at  least  5 

(5,8,  or  10  OK  ) 


0.4  letter  ht  at  6/120 

1  letter  ht  at  6/95-6/48 
1.5  letter  ht  at  6/38-6/19 

2  letter  ht  at  6/15-6/6 

3  letter  ht  at  6/4.8  - 


120  cd/m^  refraction 
240  cd/m^  daylight  equiv 


220 


Ian  L.  Bailey 


for  each  chart  design  we  make  two  charts  that  are  identical  except  in  the 
order  in  which  the  letters  were  arranged.  The  two  charts  of  a  pair  could 
be  expected  to  yield  the  same  score  visual  acuity  since  there  is  no  significant 
design  difference  between  them.  Discrepancies  between  the  two  visual 
acuity  scores  from  a  chart  pair  becomes  a  metric  for  indicating  the  reliability, 
or  repeatability,  of  the  visual  acuity  test  with  that  chart.  Pooling  discrepancy 
values  across  subjects  allows  for  a  broad  cumulative  measure  of  reliability. 
In  assigning  visual  acuity  scores,  we  use  a  system  that  assigns  credit  for 
every  letter  read.  Visual  acuity  is  expressed  as  logMAR  and  our  charts  have 
a  size  progression  of  0.1  logMAR  units  per  row.  Since  there  are  five  letters 
per  row,  we  assign  0.02  logMAR  units  per  letter.  Figure  1  shows  a  histogram 
of  discrepancies  collected  in  one  of  our  experiments.  This  histogram  is 
based  on  189  comparisons.  It  may  be  seen  that  about  20%  of  the  compar- 
isons showed  perfect  concordance  between  the  two  scores  of  acuity  from 
pairs  of  charts.  In  33%  of  cases  (16  +  17)  there  was  only  a  one  letter 
discrepancy  between  the  two  tests  being  compared,  so  that  in  53%  of  cases 
the  discrepancy  was  one  letter  or  less.  In  97%  of  cases  the  letter  discrep- 
ancies were  four  letters  or  less  so  that  only  in  3%  of  cases  did  the  discrep- 
ancy reach  five  letters  (which  is  equivalent  to  one  full  row).  The  mean  of 
this  distribution  reflects  the  average  improvement  or  decrease  in  acuity  on 
the  second  test.  The  mean  is  invariably  close  to  zero.  The  standard  deviation 
of  the  discrepancy  distribution  reflects  the  repeatability  of  the  visual  acuity 
score  and  the  standard  deviation  of  acuity  scores  will  be  2  smaller  than  the 
standard  deviation  of  the  discrepancies. 

Methods  for  Assigning  Visual  Acuity  Scores 

It  is  not  an  uncommon  practice  to  assign  visual  acuity  scores  in  incre- 
ments that  represent  the  range  of  sizes  available.  A  standard  criterion  such 
as  60%,  70%,  or  80%  correct  may  be  used  to  decide  whether  the  subjects 
will  be  given  credit  for  having  read  a  given  row  satisfactorily.  Such  a  method 
substantially  impairs  reliability.  It  is  far  better  to  give  partial  credit  within 
a  row,  and  this  is  most  readily  achieved  by  giving  credit  for  every  letter 
read.  Table  3  presents  analyses  of  scores  that  come  from  the  data  set 
represented  in  Figure  1.  It  shows  the  distribution  of  discrepancies  (un- 
signed) when  two  different  methods  of  visual  acuity  scoring  have  been 
applied.  The  first  scoring  system  gives  equal  credit  for  each  letter  read  (0.02 
logMAR  units  per  letter),  while  the  other  uses  a  criterion  that  the  subject 
will  be  credited  with  having  read  a  row  successfully  if  60%  (3  of  5)  of  the 
letters  are  read  correctly.  There  is  perfect  concordance  between  test  and 
retest  in  20%  of  cases  for  the  first  method,  but  for  the  second  the  con- 
cordance is  perfect  in  61%  of  cases.  For  the  second  method  shows  a  dis- 
cordance equal  to  one  row  of  acuity  in  39%  of  cases  and  a  full  two  lines 
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RELIABILITY  (TEST/ RETEST) 


0.12     0.08  0.04     0      004  0.08  012 


MAGNITUDE  OF  DISCREPANCY  (LOG  MAR  UNITS) 

Figure  1 

Distribution  of  discrepancies  for  test/retest  visual  acuity  scores  for  189  comparisons  made 
with  21  subjects.  Visual  acuity  scores  determine  by  giving  equal  credit  for  every  letter 
read.  Shaded  areas  to  the  sides  indicate  when  test/retest  discrepancy  equalled  or  ex- 
ceeded one  full  line  of  acuity. 
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TABLE  3 


Discrepancies    between    VA  scores 
from  pairs   of  Equivalent  Charts 

(   Discrepancy    =   VA   score   #1    -    VA   score  #2  ) 


DISCREPANCY 

FREO^ 

IFNCY  (%) 
J    n  V  JL  l_/iLI 

#  letters 

LogMAR 

Eaual 

credit  for 

VA  criterion  -  given 

each  letter  read 

row  if  60%  correct 

0 

0.00 

2  0 

(20) 

61  (61) 

1 

0.02 

3  3 

(53) 

2 

0.04 

1  8 

(71) 

3 

0.06 

1  7 

(88) 

4 

0.08 

9 

(97) 

5 

0.10 

1.5 

(98) 

3  8  (99) 

6 

0.12 

1 

(99) 

7 

0.14 

0.5 

(100) 

8 

0.16 

9 

0.18 

1  0 

0.20 

1  (100) 

Data  here  from  189  comparisons. 

Applying  an  80%  or  100%  correct  criterion  to  same  data  set 
shows  the  same  pattern. 

Similar  findings  from  other  studies. 
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TABLE  4 

Variations  in  visual  acuity  scores 

(change  expressed  as  %  of  one  line  ) 


Repeatability       Score  rel  to  2-fold  change     2-fold  change 

(std  dev)        4-choice  Landolt      in  spacing  in  luminance 


1                1  1 

LandoltRing  8-choice 

41% 

-37% 

53% 

1  9% 

Landolt  Ring  4-choice 

36% 

66% 

British  (5x4)  letters 

25% 

13% 

30% 

1  15% 

Sloan  (5x5)  letters 

32% 

43% 

37% 

Experiments  used  normally  sighted  subjects, 

Chart  -  geometric  size  progression  (1.26X),  5  optotypes  per  row 

discrepancy  between  scores  from  equivalent  charts  in  1%  of  cases  (2  of 
189).  The  method  of  giving  equal  credit  for  each  letter  only  producing 
discrepancies  that  equal  or  exceed  one  row  (5  letters  or  more)  in  3%  of 
cases.  Clinicians  or  researchers  interested  in  reliability  of  detecting  changes 
of  one  full  line  of  acuity,  would  be  ill  advised  to  use  the  method  of  assigning 
visual  acuity  scores  by  any  methods  that  do  not  give  credit  for  every  letter 
read. 

Visual  Acuity  Scores  with  Different  Optotypes 

Most  of  our  investigations  into  parameters  effecting  visual  aucity  mea- 
surement have  concentrated  on  four  different  optotype  families,  the  four- 
choice  and  eightchoice  versions  of  the  Landolt  Ring  and  the  Sloan  and 
British  families  of  letters.  These  four  different  kinds  of  optotypes  show 
differences  in  reliability,  differences  in  the  scores  of  visual  acuity,  and  they 
show  differences  in  their  dependency  on  spacing  and  or  on  luminance. 
Table  4  shows  some  of  the  differences.  In  this  table  variations  have  been 
expressed  as  a  percentage  of  one  line  of  acuity  where  one  line  of  acuity 
represents  0.1  logMAR  units.  It  can  be  seen  that  Landolt  Ring  acuity  scores 
are  less  repeatable  than  are  letters  obtained  with  the  families  of  letters.  The 
eightchoice  version  of  the  Landolt  Ring  shows  least  reliability.  The  eight- 
choice  Landolt  Ring  yields  a  score  that  is  37%  of  a  line  poorer  than  the 
acuity  from  the  fourchoice  Landolt  Ring.  Relative  to  the  fourchoice  Landolt 
Ring,  the  British  letters  yield  a  score  that  is  marginally  superior,  while  the 
Sloan  letters  yield  a  visual  acuity  that  is  on  average  about  40%  (2  letters) 
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TABLE  5 


SPECIFrCATION  OF 

VLSUAL 

ACUITY 

Minimum  Angle  of  Resolution 
(MAR) 

0.5 

1' 

2' 

5* 

10' 

20' 

Decimal 

2.0 

1.0 

0.5 

0.2 

0.1 

0.05 

Snellen  (metric  6  m) 
(metric  4  m) 

6/3 
4/2 

6/6 
4/4 

6/12 
4/8 

6/30 
4/20 

6/60 
4/40 

6/120 
4/80 

Snellen  (feet) 

20/10 

20/20 

20/40 

20/100 

20/200 

20/400 

Visual  efficiency  (%) 

109% 

100% 

83.6% 

48.9% 

20% 

3.3% 

Log  MAR 

-0.3 

0.0 

0.3 

0.7 

1.0 

1.3 

Visual  Acuity  Rating 
(VAR) 

'  115 

100 

85 

65 

50 

35 

of  a  line  better.  In  our  studies  of  spacing  effects,  we  have  considered  spacing 
as  narrow  as  1/2  letter  heights  to  as  wide  as  3  letter  heights.  Table  4  shows 
that  Landolt  Ring  acuity  is  substantially  more  effected  by  spacing  than  are 
the  acuities  from  letter  charts.  On  the  other  hand,  the  Landolt  Ring  families 
are  less  effected  by  changes  in  luminance  than  are  the  acuities  from  the 
letter  families.  It  should  be  noted  that  the  changes  in  score  due  to  relatively 
modest  (two  fold)  changes  in  spacing  can  produce  significant  (1.5  to  3 
letters  difference)  in  visual  acuity  scores. 

Methods  for  Designating  Visual  Acuity 

There  are  many  alternative  methods  for  designating  the  value  of  visual 
acuity  score.  There  is  the  familiar  Snellen  Fraction  which  in  the  United 
States  is  usually  expressed  for  a  standard  test  distance  of  20  feet,  and  when 
the  metric  units  are  used  it  has  been  common  to  use  6  meters  as  the  standard 
test  distance.  Currently  however  a  test  distance  of  4  meters  is  now  being 
advocated.  Table  5  presents  visual  acuity  scores  using  several  methods  of 
designation.  In  Europe  decimal  notation  is  popular  and  within  the  com- 
munities of  clinical  researchers  and  visual  scientists  it  is  common  to  express 
visual  acuity  in  terms  of  Minimal  Angular  of  Resolution  or  in  terms  of  the 
logarithm  of  the  Minimal  Angle  of  Resolution.  In  my  view,  there  is  a  need 
to  change  from  the  Snellen  Fraction  because  it  often  leads  to  confusion 
whenever  the  test  distance  is  other  than  common  20  feet  (or  6  meters). 
There  is  a  strange  clinical  practice  of  expressing  the  size  of  print  in  near 
vision  tests  in  terms  of  an  equivalent  Snellen  Fraction  in  which  the  numbers 
refer  to  measurements  relating  to  distance  visual  acuity.  An  example  of 
the  potential  for  confusion  is  the  following;  an  individual  with  a  distance 
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visual  acuity  of  20/100  should  be  expected  to  achieve  a  "reduced  Snellen 
of  20/50"  if  the  testing  is  done  at  20  cm,  as  it  may  well  be.  What  then  is 
this  patient's  near  visual  acuity?  Another  example  of  confusion  resulting 
from  misuse  of  the  Snellen  Fraction  notation  has  arisen  with  the  intro- 
duction of  charts  for  which  the  intended  working  distance  is  4  meters  rather 
than  the  usual  6  meters  (or  20  feet).  On  some  of  these  new  charts  (Ferris 
et  al«.  Strong  and  Woo'"),  the  largest  print  on  the  chart  subtends  5  minutes 
of  arc  at  40  meters  and  so  an  individual  who  can  just  read  the  top  row 
from  4  meters  should  be  awarded  a  visual  acuity  score  of  4/40.  However, 
the  top  line  has  been  labeled  20/200.  Confusion  becomes  manifest  when 
the  chart  is  presented  at  any  distance  other  than  4  meters  for  which  the 
chart  was  designed.  For  example,  a  patient  reading  the  top  (labeled  20/200) 
row  when  the  chart  is  at  6  meters  (say  20  feet)  would  actually  have  a  visual 
acuity  of  20/133.  I  believe  the  source  of  the  problem  in  using  Snellen  Frac- 
tions to  specify  visual  acuity  is  that  the  Snellen  Fraction  specifies  two 
quantities,  the  first  for  test  distance  and  the  second  is  a  measure  of  print 
size,  and  together  these  represent  an  angle.  It  is  the  angle,  a  single  di- 
mension, that  represents  the  acuity. 

Here  I  wish  to  propose  a  new  system  for  rating  visual  acuity.  I  am 
suggesting  a  100  point  scale  on  which  visual  acuity  of  20/20  is  represented 
by  100  points,  20/200  as  50  points,  and  20/2000  as  0  points.  This  Visual 
Acuity  Rating  scale  follows  a  logarithmic  size  progression  (VAR  =  100  50 
logMAR).  The  scaling  is  such  that  15  points  on  the  scale  represents  a 
doubling  of  visual  angle;  20/20  is  100  points;  20/10  is  115  points;  and  20/40 
is  85  points  and  so  on  (see  Table  6).  On  this  scale  5  points  represents  one 
line  of  acuity  where  a  0.1  logMAR  size  progression  has  been  used.  Should 
there  be  5  letters  per  row,  each  letter  carries  a  weight  of  1  point.  On  charts 
that  follow  the  Bailey  Lovie  design  principles  the  task  of  scoring  visual 
acuity  becomes  one  of  counting  letters.  Should  a  nonstandard  test  distance 
be  used  (for  instance  the  chart  moved  from  the  standard  test  distance  to 
a  closer  distance),  an  appropriate  adjustment  can  be  made  to  the  test  scores 
simply  be  subtracting  a  constant  value.  For  example,  if  the  chart  were  to 
be  moved  to  half  the  standard  viewing  distance,  the  patient  would  be 
expected  to  read  15  more  letters.  Then  the  visual  acuity  rating  score  would 
need  to  be  adjusted  (by  15  points)  in  accordance  with  this  closer  viewing 
distance.  There  are  many  features  of  this  scale  that  cause  it  to  feel  about 
right.  The  50  point  level  is  the  traditional  cutoff  for  "legal  blindness",  the 
25  point  level  is  equivalent  to  20/63  and  this  is  a  common  cutoff  for  eligibility 
for  low  vision  services  for  those  who  are  not  legally  blind.  Furthermore, 
the  25  point  level  (this  is  equivalent  to  20/630)  is  about  the  point  at  which 
it  becomes  very  difficult  to  achieve  significant  enhancement  of  visual  per- 
formance through  the  use  of  optical  low  vision  aids.  In  some  ways,  this 
scale  is  similar  to  the  visual  efficiency  scale  proposed  by  Snell  and  Sterling 
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TABLH  6 

"Visual  Acuity  Rating" 


VAR  =  100  -  50  (  LogMAR  ) 

5  rating  points  per  row  if  size  progression  ratio  =1.26  x 


115 

20/10 

6/3 

110 

20/12.5 

6/3.8 

105 

20/16 

6/4.8 

100 

20/20 

6/6 

50 

20/200 

6/60 

95 

20/25 

6/7.5 

45 

20/250 

6/75 

90 

20/32 

6/9.5 

40 

20/320 

6/95 

85 

20/40  r 

6/12 

35 

20/400 

6/120 

80 

20/50 

6/15 

30 

20/500 

6/150 

75 

20163 

6119 

25 

201630 

61190 

70 

20/80 

20 

20/800 

6/240 

65 

20/100 

6/30 

15 

20/1000 

6/300 

60 

20/125 

6/38 

10 

20/1250 

6/380 

55 

20/160 

6/48 

5 

20/1600 

6/480 

50 

20/200 

6/60 

0 

20/2000 

6/600 

If  5  letters  per  row,  then  1  point  per  letter 

Change   viewing   distance,   then   change   assigned   score   by   a  constant 


in  1929.  Their  scale  was  introduced  to  provide  a  yardstick  for  gauging 
compensation  for  vision  loss.  They  had  assigned  a  visual  efficiency  of  100% 
for  a  visual  acuity  of  20/20  and  20%  for  20/200.  The  SnellSterling  visual 
efficiency  scale  seems  to  work  well  in  the  range  20/40  20/160  region  of  the 
acuity  spectrum,  but  at  the  extremes  equal  steps  on  the  scale  seem  to 
represent  very  uneven  differences  in  visual  performance.  I  would  argue 
that,  on  the  scale  I  am  proposing  here,  relatively  equal  decrements  in  visual 
performance  are  indicated  by  equal  number  of  units  of  change  on  the  VAR 
scale.  This  would  be  expected  from  Westheimer's  observations  and 
recommendations"  regarding  the  appropriate  scaling  of  visual  acuity.  The 
VAR  scale  is  most  easily  applied  to  charts  of  the  BaileyLovie  design  (Fig 
2)  but  it  can  readily  be  used  for  more  traditional  chart  layouts.  Figure  3 
illustrates  a  common  chart  layout  on  a  "Standard  Snellen  Chart"  but  VAR 
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meters  logMAR 
(feet)  (VAR) 
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■AILET  LXWtt  CHART   •  4 


Figure  2 

A  Bailey-Lovie  chart  that  uses  British  (4x5)  letters  and  inclu(Jes  VAR  scahng. 
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Snellen 


VAR 


200 


50 


00  C  B 

80  D  L  N  ° 

60  P  T  E  R  76 

50  FZBDE  80 


Figure  3 

Representation  of  a  section  of  a  common  "Snellen  chart"  layout  and  here  VAR  scaling 
has  been  added. 
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scaling  has  been  added.  Interpolation  can  easily  be  used;  for  example,  a 
patient  who  only  reads  the  large  E  and,  let  us  say,  the  C  on  the  next  row 
would  receive  a  VAR  score  of  58.  Scaling  in  VAR  unit  can  be  applied  to 
any  visual  acuity  test. 

It  should  be  recognized  that  clinicians  are  likely  to  be  reluctant  to 
change  their  ways  and  adopt  a  new  scoring  system  for  visual  acuity  mea- 
surement. However  given  that  there  is  currently  significant  confusion  that 
relates  to  the  clinician's  sloppy  use  of  Snellen  Fractions,  I  feel  it  is  justified 
to  recommend  a  system  that  uses  a  single  number  to  indicate  the  angular 
dimension  in  which  visual  acuity  should  be  expressed.  The  VAR  scale  is 
one  on  which  equal  points  carry  about  equal  value  in  terms  of  visual 
performance  or  efficiency,  and  furthermore  it  is  a  scale  that  may  facilitate 
communicate  between  clinician  and  patient.  For  instance,  it  is  relatively 
easy  to  tell  a  patient  that  visual  acuity  is  a  little  better  than  normal  as  it  is 
105  points,  where  normal  vision  is  considered  to  be  20/20  or  100  points. 
Clinicians  and  patients  can  easily  identify  with  these  values. 

In  summary  I  would  advocate  the  following: 

(1)  That  the  four-choice  Landolt  Ring  target  be  the  standard  optotype 
and  the  standard  test  of  visual  acuity  be  measurements  of  visual  acuity 
made  with  a  Landolt  Ring  chart  designed  so  that  it  complies  with  the 
design  principles  of  Bailey  and  Lovie. 

(2)  Letters  charts  or  charts  of  alternative  optotypes  should  be  calibrated 
against  a  Landolt  Ring  chart. 

(3)  The  spacing  between  adjacent  optotypes  on  any  one  row  should  be 
equal  to  the  width  of  those  optotypes  and  the  spacing  between  ad- 
jacent rows  should  be  equal  to  the  height  the  optotypes  of  the  smaller 
of  the  two  rows. 

(4)  Visual  acuity  scores  should  be  assigned  using  a  method  that  gives 
credit  for  every  letter  read  correctly. 

(5)  That  a  new  scaling  system  Visual  Acuity  Rating  be  introduced  to 
specify  visual  acuity. 
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ABSTRACT.  Improved  technology  permits  more  persons  suffering  visual 
disabilities  to  benefit  from  special  optical  aids.  At  the  same  time  the  number 
of  persons  needing  vision  rehabilitation  is  increasing  as  the  elderly  pop- 
ulation increases.  The  full  range  of  vision  rehabilitative  services  must  be 
available  at  a  given  site  if  optimum  rehabilitative  care  is  to  be  provided 
and  if  adequate  time  is  to  be  given  to  each  patient.  This  paper  describes 
an  interdisciplinary  practice  model  designed  to  ensure  the  various  com- 
petencies required,  provide  essential  instrumentation,  and  maximize  cost 
effectiveness. 
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A  MODEL  OF  VISUAL  REHABILITATION  WITH 
SPECIALIZED  OPTICAL  TECHNOLOGY 

The  number  of  individuals  who  require  special  optical  aids  to  read 
newsprint  is  growing  significantly  in  most  countries  of  the  Western  World^ 
due  to  untreatable  eye  disease  to  decreased  visual  function  after  medical 
or  surgical  managements^.  Age  related  maculopathy  following  successful 
cataract  extraction  is  but  one  example. 

Those  who  can  read  newsprint  only  after  specialized  optical  interven- 
tion have  been  identified  by  authors  as  a  unique  disability  group  requiring 
a  variety  of  treatment  programs^  ^  Symposia  describing  these  programs 
and  urging  development  of  special  centers  to  serve  this  population  have 
been  sponsored  by  several  organizations  concerned  with  eyecare  and  visual 
rehabilitation.  In  spite  of  this  interest  there  has  been  very  little  progress 
in  providing  added  visual  rehabilitative  services  for  this  large  and  growing 
group  since  it  was  distinguished  from  other  groups  suffering  visual  disa- 
bility more  than  20  years  ago'^'^". 

According  to  the  American  Foundation  for  the  Blind  there  were  197 
locations  in  the  United  states  in  1984  that  provided  rehabilitative  services 
for  those  who  are  partially  sighted.  This  represents  modest  growth  and  is 
far  short  of  the  number  needed  to  provide  vision  rehabilitative  services. 
Prevalence  data  concerning  vision  disorders  that  lead  to  low  vision  in  most 
instances  can  only  be  estimated.  One  estimate  suggests  that  as  many  as 
two  million  people  in  the  United  States  suffer  from  age  related  maculo- 
pathy, one  of  the  most  common  of  many  ocular  diseases  that  lead  to  low 
vision.  If  all  are  to  receive  attention,  an  average  of  approximately  10,000 
patients  would  be  seen  at  each  of  the  service  centers.  It  is  estimated  that 
each  eye  care  specialist  could  manage  only  about  16  new  patients  each 
week.  If  this  patient  volume  represented  the  workload  of  one  eye  care 
professional  at  each  center,  then  by  this  accounting  it  would  require  ap- 
proximately 12  years  to  serve  those  presently  afflicted  by  age  related  ma- 
culopathy alone. 

Services  to  those  who  might  be  rehabilitated  so  that  they  can  read 
newsprint  is  limited  by  many  factors.  Early  in  this  century,  when  vision 
rehabilitation  was  just  beginning,  distinctions  were  not  made  on  the  basis 
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ol  wlial  vision  porfornuinces  might  bcachirved.  Sighted  patients  were  often 
taught  alternative  sensory  input  by  techniques  now  reserved  for  the  totally 
blind.  Later  classifications  based  on  legal  definitions  of  blindness  or  on 
crude  tests  such  as  finger  counting  provide  little  predictive  value  for  visual 
function;  nor  do  various  commonly  used  instrumentation  procedures  such 
as  fundus  photography  or  visual  fields.  While  the  optical  principles  of 
magnification  are  straight  forward,  various  reading  tasks  performed  under 
magnification  require  special  adaptations.  Observing  the  detail  on  a  stamp, 
for  example,  is  a  much  simpler  procedure  than  locating  points  on  a  world 
globe.  The  practice  of  referring  patients  to  a  drugstore  for  magnification 
devices  did  not  take  into  account  these  differences,  and  is  responsible  for 
a  sense  of  futility  among  many  patients  and  practitioners. 

For  these  reasons  and  because  of  the  considerable  time  involved  in 
patient  orientation  and  training,  as  v^ell  as  testing,  low  vision  patients  tend 
not  to  receive  optimum  care  outside  these  special  centers.  The  experience 
of  an  opththalmology  resident  who  was  asked  at  the  end  of  his  residency 
what  he  had  learned  from  this  year  in  a  low  vision  clinic  is  illustrative.  He 
said,  'T've  learned  that  I  will  refer  my  patients  with  decreased  visual  func- 
tion not  corrected — or  only  partially  corrected  by  medical  and  surgical 
means — to  a  low  vision  clinic."  The  author  believes  this  is  the  appropriate 
response  of  family  practitioners  of  eyecare  and  that  it  will  become  the 
standard  for  most  practitioners.  Therefore,  it  supports  added  development 
of  low  vision  clinics  within  departments  of  ophthalmology,  schools  of  op- 
tometry, and  within  vision  foundations  and  agencies.  Provision  of  services 
to  the  low  vision  patient  is  very  time  consuming,  requires  the  competence 
of  individuals  with  various  kinds  of  special  training,  and  requires  a  high 
degree  of  patience  on  the  part  of  practitioner  and  patient.  For  these  reasons 
and  because  it  is  not  a  cost  efficient  activity  as  currently  formed,  it  is 
important  that  one  or  more  new  models  be  developed.  A  description  of 
one  model  that  is  in  evolution  follows'"^''^. 

An  Interdisciplinary  Model  of  Visual  Rehabilitation 

Granting  that  there  are  a  number  of  different  types  of  private  practice 
arrangements,  this  model  assumes  one  in  which  there  exists  a  group  of 
individuals,  each  of  whom  independently  operates  a  practice.  It  proposes 
for  low  vision  an  interdisciplinary  team  with  three  full  time  staff  members 
(director/evaluator/researcher;  coordinator/educator;  receptionist/secre- 
tary). This  model  contends,  unlike  the  multidisciplinary  models,^-^  that  an 
individual  can  "wear  more  than  one  hat".  Each  member  is  multidiscipli- 
nary; the  team  is  interdisciplinary.  The  duties  of  each  member  are  shown. 
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DIRECTOR/EVALUATOR/RESEARCHER 


DIRECTOR 

Funding 


Testing 
Training 
Lending 
Referral 


EVALUATOR 


RESEARCHER 

Basic 


Grants 
Fees 

Donations 


Applied 


Public  Education 


Publications 


Advocacy 


Director/Evaluator/Researcher 

The  director  provides  advocacy,  public  education,  and  funding.  These 
are  accomplished  through  support  groups,  lectures,  speeches  to  organi- 
zations, and  both  grants  and  fee  for  service.  The  evaluation  includes  testing 
for  visual  function,  identification  of  useful  optical  and  alternative  devices, 
and  initiation  of  a  training  program.  Research  can  be  long  term  studies, 
case  reports,  and  the  guidance  of  those  with  interships. 


Coordinator/Educator 

The  coordinator/educator  provides  screening,  intake,  training  and  fol- 
low-up. The  screening  test  permits  an  analysis  of  useful  visual  function  of 
those  in  schools,  nursing  homes,  and,  it  is  a  tool  to  demonstrate  to  some 
who  may  not  know  about  their  visual  function  a  knowledge  of  it.  The 
intake  nominally  includes  the  history  (medical,  visual,  career,  social),  the 
psychological  and  intellectual  status,  the  support  system  (community,  fam- 
ily), the  utilization  of  eyeglasses  and/or  specialized  optical  and  alternative 
devices,  and  the  interchange  of  information  among  referral  sources  (med- 
ical, educational,  vocational,  residential). 

Under  the  direction  of  the  coordinator  are  the  volunteers  and  the 
optician.  The  sale  of  optical  devices  is  separate  from  the  rehabilitative 
program. 
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RECEPTIONIST/SECRETARY 

RECEPTIONIST  SECRETARY 

Schedule  Correspondence 
Brochure  Publication 
Information  Grants 
Referral  Accounts 

Orders 

The  duties  include  those  listed  but  may  not  be  limited  to  them.  Other  per- 
sonnel may  include  a  rehabilitation  counselor  and  an  optician. 


Receptionist/Secretary 

An  underrated  staff  member  is  the  receptionist/secretary.  This  indi- 
vidual provides  information  about  the  clinic,  the  staff,  and  the  problems 
of  partial  sight.  Thus  in  addition  to  the  standard  requirements  of  the  "title", 
this  individual  addresses  specific  patient  inquiries,  designs  and  mails  in- 
formation packets,  and  submits  forms  for  and  from  patients. 

Application  Of  The  Model 

This  model  has  taken  five  years  to  develop.  Its  success  where  success 
is  defined  as  a  full-time  (6  days  a  week)  occupation  for  each  staff  member, 
and  fully  funded  by  fee  for  service,  was  dependent  upon  funding  resources, 
the  referral  base,  and  community  support. 

Figures  1  and  2  show  data  for  a  three  year  period  for  a  low  vision 
clinic  located  within  the  same  city  but  at  two  geographical  locations.  The 
initial  visits  were  for  visual  rehabilitation  with  specialized  optical  and  al- 
ternative technology.  They  were  not  visits  for  surgery,  medication,  or 
standard  refractions. 

Three  factors  influenced  1983,  the  most  erratic  development  year.  Va- 
cation for  the  staff  influenced  the  July  initial  visits;  thus,  the  follow-up 
visits.  Parenthetically,  our  procedure  requires  the  patient  to  return  within 
one  week  after  the  initial  visit  (evaluation).  At  this  time  he  has  received  a 
device  and  provided  preliminary  instruction.^  The  follow-up  data  are  con- 
taminated by  patients  who  returned  for  further  training  and  devices,  some- 
time during  the  first  year  of  rehabilitation. 
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Figure  1 

Initial  Visit 
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Figure  2 

3  =  1983  Follow-Up  Visit 
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A  second  factor  was  the  referral  sources.  Retinal  degenerations  rep- 
resent the  largest  referred  group  Based  on  a  sample  of  918  patients,  8% 
were  referred  by  non-profit  organizations  (American  Council  of  Blind,  Lions, 
Odd  Fellows  and  Rebekahs),  \%  by  agencies  serving  the  blind,  19%  from 
information  obtained  in  television  interviews  and  newspaper  articles,  39% 
from  information  obtained  from  previous  patients,  and,  33%  directly  from 
eye  care  practitioners.  The  practitioners  were  mostly  ophthalmologists  (92%). 

Success  of  the  patient  was  not  influenced  by  the  source  of  referral.  We 
identified  three  referral  groups:  Group  I  (eye  care  specialists).  Group  II 
(Agencies  for  the  Visually  Impaired,  Department  of  Education),  Group  III 
(nursing  homes,  service  organizations,  self  referral).  The  success  for  the 
patients  that  is,  their  continued  use  of  the  devices  and  techniques  after  a 
six-month  follow  up  sjurvey,  showed  Group  I  (79%),  Group  II  (87%),  and 
Group  III  (71%).  There  were  36%  using  one  optical  device,  22%  using  two, 
and  9%  using  three  or  more.  A  more  thorough  analysis  is  provided  else- 
where.^^ 

The  third  identifiable  factor  influencing  1983  was  publicity.  In  May 
and  September,  the  low  vision  clinic  was  spotlighted  by  the  verbal  and 
written  media.  Referral,  telephone  inquiries,  and  self-made  appointments 
were  signiflcantly  increased. 

Figure  3  Survey  form  sent  to  790  patients 


Your  opinion  of  your  experience  at  the  low  vision  clinic  is  valuable  to  us.  With  your  help  we 
can  improve  our  service  to  other  patients.  We  hope  you  will  take  a  moment  to  answer  the 
following  questions  and  return  them  to  us  in  the  enclosed  stamped,  addressed  envelope. 

We  appreciate  the  opportunity  to  work  with  you  at  the  low  vision  clinic. 

1.  Did  you  complete  your  low  vision  evaluation? 
  Yes    No 

2.  Did  you  receive  an  optical  aid  (magnifier,  glasses,  CCTV,  etc.)? 
  Yes  No 

3.  Are  you  using  your  optical  aid? 
  Yes    No 

4.  If  you  are  not  using  your  optical  aid,  do  you  want  us  to  contact  you  about  it? 
  Yes    No 

If  yes,  print  name  and  telephone  number:  


Your  Comments: 
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Previous  data  were  obtained  from  the  third  data  collection  procedure, 
a  survey  form  (Figure  3)  sent  to  790  patients  (with  395  respondents,  310 
of  which  were  analyzed  because  48  forms  were  blank,  and  27  were  unin- 
terpretable  due  to  double  answers  on  questions  1  and  2).  Selected  survey 
results  are  shown  in  Table  1. 


Table  1 


Use  of 
optical 
device 

Yes 

Request  for  Follow-up 
No 

No  Reply 

Yes 

8 

53 

98 

No 

23 

64 

16 

No  Reply 

3 

22 

23 

Response  information  is  extended  by  combining  answers.  Question  3,  "Are 
you  using  your  optical  aid?",  was  matched  with  question  4,  "If  you  are 
not  using  your  optical  aid,  do  you  want  us  to  contact  you?"  If  the  patient 
replied,  "Yes.",  that  they  were  using  their  optical  aid,  they  could  have 
replied  "Yes"  (8),  "No"  (53),  or  "No  Reply"  (98)  to  our  query  for  a  follow- 
up.  150  of  310  (51%)  were  using  their  device,  and  103  (33%)  were  not.  We 
were  uncertain  about  how  the  remaining  16%  should  be  classified.  The 
variance  among  the  125  who  responded  "No"  or  "No  Reply"  to  the  follow- 
up  and  who  were  not  using  their  optical  sevices  should  be  explained.  Of 
these,  74  (59%)  did  not  receive  an  optical  device.  Of  those  who  did  receive 
an  optical  device,  48%  needed  a  follow-up.  These  patients  were  contacted 
by  telephone  in  April  and  August.  They  are  successfully  utilizing  their 
optical  devices  following  subsequent  training. 


Discussion 

Visual  rehabilitation  with  specialized  optical  devices  and  techniques 
is  a  needed  service.  Although  numerous  articles,  symposia  and  seminars 
emphasize  this  as  an  effective  approach  to  visual  disability,  there  has  been 
little  application  within  a  private  practice.  In  this  article  an  analysis  of  trends 
within  the  initial  and  follow-up  visits,  and  a  survey  were  used  to  determine 
the  parameters  of  a  successful  low  vision  service. 

The  model  presented  here  requires  three  full  time  staff  members,  two 
10  X  12  rooms,  and  approximately  $30,000  in  testing,  training,  and  lending 
equipment.  Each  staff  member's  duties  were  outlined.  Each  staff  member 
is  multi-disciplinary  but  functions  within  an  interdisciplinary  paradigm. 

During  the  anlysis  of  the  initial  visits  it  was  found  that  eye  care  spe- 
cialists tend  to  refer  patients  because  of  their  visual  acuity  level  or  an  ad 
hoc  motivational  assessment.  These  criteria  do  not  predict  patient  success. 
Referrals  are  influenced  by  publicity  from  television,  newspaper,  radio. 
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and  previous  patients.  I'he  manner  in  which  the  referral  sources  handle 
this  state-of-the-art  information  influences  the  patient's  success. 

Follow-up  visits  are  influenced  by  the  patient's  successful  use  of  an 
optical  or  alternaitve  device,  and  by  the  contact  generated  by  the  low  vision 
service  staff.  Rehabilitation  is  difficult.  The  devices  can  be  expensive  and 
their  cosmetic  appearance  displeasing.  These  factors  influence  follow-up. 
However  if  the  patient  completes  our  program,  87%  are  visually  inde- 
pendent. If  they  complete  the  evaluation  and  receive  devices  but  do  not 
complete  training  (educational  process)  or  follow-up  procedures,  52%  are 
successful. 

These  data  permit  certain  generalizations  to  be  made,  and  pertinent 
questions  to  be  asked  by  private  practitioners,  department  chairman,  and 
financial  officer. 

1.  It  is  advisable  to  investigate  the  community  resources  prior  to  invest- 
ment in  staff  and  space. 

Aside  from  your  own  clinic  are  there  others  in  the  community  who 
support  visual  rehabilitation?  Eye  care  practitioners,  service  for  the 
visually  impaired,  and  organizations  such  as  the  Lions,  can  be  a  ben- 
eficial referral  base.  Are  there  advocacy  groups?  Are  there  qualified 
rehabilitation  teachers  or  orientation  and  mobility  instructors  in  the 
community?  Are  there  any  strong  preconceived  bias  among  these  in- 
dividuals and  groups?  The  data  here  suggest  that  any  collaborative  and 
educational  activities  made  prior  to  clinic  construction  will  significantly 
influence  success. 

2.  It  is  advisable  to  investigate  funding  resources  for  the  clinic  and  the 
patient. 

Can  the  patient/clinic  get  reimbursed  for  specialized  optical  and  alter- 
native devices  and  techniques,  and,  for  the  evaluation.  Third  party 
carriers  including  Medicare,  do  not  usually  fund  the  evaluation  or  de- 
vices. This  has  a  number  of  implications.  For  the  billing  service  it  means 
that  it  is  not  cost  effective  to  submit  insurance  forms.  For  the  low  vision 
service  it  means  that  only  those  with  adequate  personal  funds  will  seek 
the  service.  For  the  society  it  means  that  many  individuals  will  remain 
visually  dependent.  And  it  has  meant  that  eye  care  practitioners,  sincere 
in  their  effort  to  assist  the  partially  sighted,  will  bill  for  a  standard  eye 
examination  rather  that  a  low  vision  evaluation.  Since  one  trend  in  our 
data  indicated  that  those  who  require  the  "strongest"  available  devices 
are  referred  initially,  it  is  important  that  equipment  resources  be  di- 
rected here.  Since  there  is  little  third  party  funding,  the  service  man- 
agers shouyld  vigorously  seek  organizational,  foundation,  and  local 
community  funds  for  equipment,  both  testing  and  lending. 

3.  It  is  advisable  to  consider  the  patients  as  multiply  handicapped,  thus 
influenced  by  environmental  and  medical  factors. 

A  service  should  have  adequate  parking  facilities  with  direct  access, 
and  more  important  a  van  to  deliver  patients.  Check  the  public  trans- 


Model  of  Visual  Rehabilitation 


241 


portation  system  to  determine  accessibility  and  scheduling.  Do  nursing 
homes  and  schools  provide  transportation?  Except  fewer  patient  visits 
in  the  winter.  Develop  a  relationship  with  those  working  with  diabetes, 
stroke  victims,  neurologically  impaired,  and  multiple  sclerosis.  There 
is  an  expanding  category  of  those  with  central  vision  loss,  who  will 
require  visual  rehabilitation. 

To  develop  a  low  vision  service  requires  preplanning  and  collaboration. 
Low  vision  services  will  not  be  sustained  successfully  if  they  operate  under 
the  assumptions  that  low  vision  care  involves  only  prescribing  magnifiers, 
that  non  professional  staff  can  evaluate  patient  requirements,  or  that  lend- 
ing and  training  are  not  necessary.  In  this  and  other  articles  the  author  has 
attempted  to  describe  a  model  that  avoids  these  pitfalls  and  ensures  suc- 
cessful visual  rehabilitation  of  patients  with  central  and  peripheral  visual 
impairment  by  considering  all  necessary  parameters  of  diagnosis  and  treat- 
ment. 
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ABSTRACT.  The  extended  cane  remains  the  principally  used  mobility 
device  for  blind  persons.  Its  chief  limitation  is  that  it  probes  only  the  near 
space.  This  limitation  is  overcome  by  guide  dogs;  but  here  there  is  little 
sensory  input,  and  few  blind  persons  make  this  choice.  The  author  de- 
scribes new  mobility  devices  that  are  designed  to  combine  the  high  sensory 
input  feature  of  the  extended  cane  and  the  extended  space  feature  of  the 
guide  dog.  He  recommends  greater  cooperation  between  scientists,  engi- 
neers, practitioners,  and  instructors  in  order  to  address  the  remaining 
challenges. 
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TECHNOLOGY  FOR  VISUALLY  IMPAIRED 
PERSONS:  OPTIONS  IN  ORIENTATION  AND 

MOBILITY 

We  often  take  for  granted  what  it  means  to  be  able  to  move  about  at 
will  and  in  safety  —  to  be  able  to  shop,  meet  friends  and  family,  go  to 
recreational  events,  and  of  course,  commute  to  work  and  once  there  be 
able  to  do  our  jobs.  This  freedom  of  mobility  is  necessary  to  be  able  to  lead 
a  life  of  independence  and  dignity;  without  it  a  person  is  isolated,  cut  off 
from  the  mainstream  of  society  and  totally  dependent  on  others.  For  most 
blind  people  the  freedom  of  mobility  is  never  taken  for  granted.  Achieving 
it  is  the  single  most  difficult  obstacle  they  face. 

While  mobility  assistance  from  friends  and  family  members  is  con- 
venient and  unavoidable,  true  independence  requires  self  reliance.  When 
traveling  by  themselves,  the  vast  majority  of  independent  blind  people 
depend  upon  a  long  cane.  A  small  minority  use  a  guide  dog. 

There  is  much  significance  in  the  fact  that  the  preferred  mobility  device 
for  blind  people  is  nothing  more  sophisticated  than  a  long  cane.  Despite 
the  rapid  pace  of  technological  innovation  today  and  despite  the  tremen- 
dous impact  that  this  technological  revolution  has  had  on  the  lives  of  every 
member  of  the  American  society,  the  long  cane  has  endured  as  the  most 
appropriate  assistive  device  for  blind  people.  And  it  would  not  be  sur- 
prising if  the  long  cane  continued  to  be  the  most  used  mobility  device  for 
blind  persons  through  the  next  decade  and  perhaps  even  well  into  the  21st 
century. 

Why  is  this  the  case?  The  cane  is  a  primitive  tool  that  only  provides 
a  limited  solution  to  the  mobility  problem.  Along  with  it,  the  blind  traveller 
must  endure  the  negative  and  erroneous  stereotype  of  the  long  white  cane 
as  a  tool  used  by  those  who  are  utterly  dependent  —  the  beggar's  device. 
So  why  has  it  not  been  replaced  by  a  more  advanced  technology,  one  that 
conveys  less  negative  symbolism?  First,  with  all  its  disadvantages,  the  cane 
is  reasonably  effective  at  scanning  the  path  of  travel  and  it  does  so  at  a 
reasonable  cost  and  with  a  minimum  of  inconvenience.  Second,  the  options 
are  limited  to  only  three  other  alternatives:  the  guide  dog,  optical  devices 
for  persons  with  sufficient  usable  vision,  and  expensive  but  questionably 


246 


Murk  M.  ilshui 


useful  electronic  aids  which  are  used  as  secondary  devices  to  the  cane  or 
dog. 

Oddly  enough,  the  cane  was  used  by  blind  people  since  before  biblical 
times  but  it  was  only  in  the  mid  20th  century  that  its  most  useful  attribute, 
its  length,  was  recognized.  For  many  years,  and  even  today,  blind  people 
were  given  a  short  support  cane  which  is  virtually  useless  since  it  is  not 
long  enough  to  effectively  scan  the  path  of  travel. 

One  of  the  more  obvious  shortcomings  of  the  long  cane's  simple  sys- 
tem, that  it  leaves  the  upper  body  vulnerable  to  low  overhangs,  does  not 
always  detract  from  its  effectiveness,  for  such  overhangs  rarely  obstruct 
pedestrian  walkways.  And  the  cane  is  more  than  a  bumper  to  guard  against 
collisions  and  a  drop-off  detector  to  prevent  falls.  The  cane  detects  objects 
and  surface  changes  and  gives  subtle  vibro  -  tactile  and  acoustic  feedback 
that  can  provide  critically  important  clues  to  orientation.  There  are  many 
examples:  detecting  the  textural  difference  between  a  concrete  sidewalk 
and  the  macadam  of  a  driveway;  detecting  acoustic  change  as  the  bound- 
aries of  a  path  changes  from  a  wall  to  a  fence,  to  an  open  space;  etc.. 

Once  the  long  cane  was  recognized  as  an  important  mobility  device, 
it  was  not  long  before  a  very  useful  design  feature  was  added  to  it:  the 
ability  to  be  mechanically  folded  and  put  in  one's  pocket  or  pocketbook, 
and  then  taken  out  and  unfolded  at  will.  This  folding  feature  made  the 
cane  especially  attractive  to  persons  with  useful  remaining  vision  as  it 
enabled  them  to  store  the  cane  when  they  did  not  need  it.  The  label  of 
blindness  which  the  cane  announces  in  so  visible  a  way,  could  be  limited 
to  those  times  when  the  individual  really  only  functions  as  a  blind  person. 

The  major  limitation  of  the  cane  as  a  travel  tool  is  that  it  only  probes 
space  near  to  the  traveller.  Its  effective  range  is  limited  to  its  extended 
length  which  is  never  more  than  about  three  feet.  When  used  properly  the 
cane  can  not  be  expected  to  do  much  more  than  address  near  space  ori- 
entation and  safety  concerns  so  that  the  traveller  can  concentrate  on  the 
larger  problem  at  hand:  where  he  is  in  relation  to  where  he  needs  to  go. 
Nevertheless,  by  teaching  cane  travel  techniques  and  the  orientation  skills 
associated  with  it,  instructors  of  orientation  and  mobility  (O&M)  have  made 
great  strides  in  remediating  what  might  be  called  the  generalized  diso- 
rientation problems  of  blind  people. 

The  guide  dog  is  even  more  efficient  than  the  cane  in  freeing  the 
traveller  from  the  concerns  of  near  space.  Given  the  "forward"  command, 
the  dog  will  assist  in  keeping  the  traveller  on  the  path  and  will  steer  clear 
of  obstacles,  enabling  travel  to  proceed  at  a  brisk  pace,  uninterrupted  by 
contact  with  the  environment.  Unlike  the  cane  however,  the  dog  provides 
little  sensory  input  — the  traveller  must  have  the  desire,  the  self  assurance, 
and  the  ability  to  make  orientation  decisions  quickly  and  with  less  infor- 
mation of  the  type  provided  by  the  cane's  continuous  contact  with  the 
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environment.  This  is  one  of  the  reasons  why  the  dog  is  preferred  by  only 
a  small  minority  of  blind  persons.  There  are  other  reasons  having  more  to 
do  with  lifestyle  and  convenience  than  ability,  but  to  a  large  degree  the 
success  of  the  guide  dog  movement  is  based  on  a  realistic  trainee  screening 
policy  —  only  those  blind  persons  who  have  the  interest  and  the  potential 
to  handle  the  daily  rigors  of  the  guide  dog  obtain  the  training. 

What  about  high  tech  solutions  to  the  mobility  problem?  Of  the  five 
major  electronic  travel  aids  (ETAs)  presently  on  the  market,  four  provide 
ultrasonic  sensing  of  objects  in  or  near  the  path  of  travel.  These  devices 
offer  options  for  hand  held,  chest  mounted,  cane  mounted  and  spectacle 
mounted  operation.  The  Laser  Cane  provides  cane  mounted  optical  sensing 
of  objects  and  drop-offs.  All  together  it  has  been  approximated  that  3,500 
ETA  devices  have  been  produced  since  the  1960's^  and  that  less  than  700 
people  are  presently  using  them  even  though  in  1980  alone,  some  20,000 
blind  individuals  received  O&M  training. ^  In  a  recent  report  on  ETAs  the 
National  Research  CounciP  (1986:4)  summarized  the  problem: 

"....Since  the  1960's,  many  have  expected  that  by  exploiting  the  possibil- 
ities offered  by  a  burgeoning  electronics  technology,  it  should  be  possible 
to  build  an  electronic  travel  aid  (ETA)  that  could  provide  much  of  the 
critical  information  about  space  that  accounts  for  the  ease  of  mobility  of 
sighted  pedestrians  and  that  is  not  available  to  blind  pedestrians.  How- 
ever, as  the  years  passed  and  attempt  followed  attempt,  it  became  apparent 
that  the  potential  offered  by  ETAs  was  not  being  fulfilled.  Although  some 
improvement  in  performance  could  often  be  attributed  to  their  use,  in 
most  cases  the  improvement  was  modest  (Shingledecker  and  Foulke,  1978; 
Brabyn,  1982).  The  mobility  of  a  blind  pedestrian  using  an  ETA  should, 
in  the  opinion  of  some,  approach  the  mobility  of  a  sighted  pedestrian 
(Leonard,  1968).  Though  many  would  regard  this  criterion  as  unrealistic, 
they  would  at  least  insist  that  the  improvement  enabled  by  an  effective 
ETA  should  be  more  than  modest.  The  ETA  should  make  a  difference  that 
is  obvious  and  indisputably  significant.  A  successful  ETA  should  enable 
independent,  efficient,  effective,  and  safe  travel  in  unfamiliar  surround- 
ings. 

To  date,  no  ETA  has  been  built  that  can  meet  even  the  less  demanding 
of  the  criteria  just  mentioned,  and  it  is  commonly  recommended  that  an 
ETA  be  regarded  as  only  an  ancillary  aid  to  supplement  a  primary  aid: 
the  long  cane  or  the  dog  guide." 


The  Market  for  New  Mobility  Devices 

There  are  a  number  of  demographic  factors  that  should  be  taken  into 
account  when  targeting  the  market  for  any  new  mobility  device.  As  a 
reference,  the  Social  Research  Department  of  the  American  Foundation  for 
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the  Blind  has  estimated  that  in  1987  there  were  almost  600,000  legally  blind 
persons  in  the  U-S..-^  In  1978  it  was  estimated  that  approximately  20%  of 
legally  blind  persons  were  either  totally  blind  or  could  only  perceive  light. 
While  we  can  assume  that  all  of  these  blind  people  need  a  mobility  device, 
that  is  not  the  case  for  all  of  the  remaining  80%  of  the  legally  blind  who 
have  usable  vision. 

Data  on  O&M  services  in  1983  indicated  that  of  those  persons  who 
received  the  services  of  O&M  specialists,  approximately  70%  had  better 
vision  than  light  perception.  Data  on  how  many  of  these  individuals  needed 
a  mobility  device  is  not  available  but  it  can  be  assumed  that  some  did  not 
—  O&M  training  without  a  cane  and  even  without  an  optical  device  may 
have  been  sufficient  for  a  number  of  these  people. 

There  appear  to  be  four  distinct  markets  for  mobility  devices  within 
the  legally  blind  population.  First,  there  are  the  non-visual  travellers  who 
use  a  cane  or  dog.  It  can  be  assumed  that  all  of  these  people  would  benefit 
from  a  mobility  device  that  would  be  a  marked  improvement  over  the  cane 
or  dog.  Second,  there  are  the  non-visual  travellers  who  do  not  use  a  cane 
or  dog  because  of  other  impairments  and  are  either  institutionalized  or 
homebound  and  totally  dependent  on  care-givers.  While  these  people  would 
also  benefit  from  a  mobility  device,  the  nature  of  that  device  and  how  it 
would  be  used  would  likely  be  very  different  from  the  device  needed  by 
those  who  are  more  independent. 

Third,  there  is  the  low  vision  traveller  who  may  or  may  not  be  using 
the  cane  or  an  optical  device.  Certainly  members  of  this  population  who 
are  dependent  on  the  use  of  the  cane  and/or  an  optical  device  could  directly 
benefit  from  a  new  mobility  device.  More  data  is  needed  on  low  vision 
travellers  in  order  to  determine  how  many  of  this  population  use  existing 
mobility  devices  and  would  benefit  from  a  new  device. 

Fourth,  there  are  the  "hidden"  blind  people.  Some  are  hidden  because 
they  need  a  mobility  device  but  have  not  been  identified  for  service  pro- 
vision. Others  refuse  to  seek  out  care  from  the  human  services  system 
because  of  the  stigma  associated  with  blindness  or  because  what  they  really 
want  is  to  have  their  sight  restored.  Although  there  are  no  data  on  these 
people,  it  is  conceivable  that  they  are  significant  in  number.  Some  would 
accept  a  new  type  of  mobility  device  if  they  were  informed  about  it  and 
others  would  consider  a  new  device  if  it  was  less  objectionable  to  them 
than  existing  devices. 

Age  and  income  are  two  demographic  characteristics  of  the  blind  pop- 
ulation that  need  to  be  considered  as  well.  Prevalence  rates  of  visual  im- 
pairment increase  with  age  and  income  is  inversely  related  to  prevalence 
of  visual  impairment.^  This  would  suggest  that  any  new  mobility  device 
should  meet  the  needs  of  elderly  people  and  should  be  inexpensive  and, 
preferably,  third  party  reimbursable. 
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Also,  O&M  specialists  are  finding  that  about  50%  of  the  blind  people 
they  serve  have  additional  impairments.^  This  is  not  surprising,  considering 
the  prevalence  of  other  impairments  among  the  visually  impaired  in  gen- 
eral/ The  design  of  any  new  device  will  need  to  take  into  consideration 
the  implications  of  a  variety  of  additional  impairments. 

Many  of  the  conventional  assumptions  about  independent  travel  do 
not  fit  the  situation  of  the  aged  blind  population,  the  multiply  handicapped 
blind  population,  and  the  institutionalized  blind  population.  Mobility  ob- 
jectives for  these  populations  often  revolve  around  safe  and  secure  am- 
bulation: if  the  need  for  a  cane  is  indicated,  it  is  often  a  short  support  cane. 
Whereas  independent  mobility  connotates  the  ability  to  travel  far  and  wide, 
for  these  people  it  often  entails  mastering  a  select  few  routes. 

Re-Conceptualizing  the  Mobility  Problem 

While  it  is  certainly  desirable  to  solve  the  problem  of  mobility  for  blind 
persons  in  one  "fell  swoop",  it  will  likely  prove  impossible  to  do  for  many 
years.  It  is  worth  noting,  however,  that  progress  is  being  made  on  two 
research  fronts  that  could  have  a  profound  impact  on  how  the  mobility 
problem  is  solved. 

The  Totally  Blind  Traveller 

The  prospect  of  developing  a  prosthetic  visual  system  has  always  seemed 
beyond  the  realm  of  possibility  and  practicality  but  today  it  seems  less  so. 
Over  20  years  ago  Brindley«  experimented  with  implanting  a  matrix  of 
electrodes  in  the  visual  cortex  to  create  a  crude  sense  of  vision  from  phos- 
phenes.  Further  research  on  artificial  vision  was  conducted  in  the  1970' s^ 
The  National  Institute  of  Health  on  Neurological  Disorders  and  Stroke  has 
recently  developed  electrodes  that  are  smaller  and  require  less  current  and 
thus  can  be  placed  closer  together,  affording  improved  resolution,  Pur- 
suing a  different  avenue  of  research,  D.  N.  Spinelli  has  demonstrated  that 
the  visual  cortex  can  be  made  directly  sensitive  to  light  through  the  use  of 
non-toxic  photo-active  chemicals,"  suggesting  the  possibility  of  a  non- 
invasive means  of  directly  stimulating  the  visual  cortex. 

The  Low  Vision  Traveller 

The  Wilmer  Eye  Institute  of  Johns  Hopkins  University  and  NASA  (The 
John  C.  Stennis  Space  Center  and  other  NASA  field  centers)  have  recently 
announced  a  "Low  Vision  Research  and  Development  Program"  to  apply 
space  technology  to  the  problem  of  low  vision: 

"Specifically,  NASA  is  working  with  the  Wilmer  Eye  Institute  to  adapt 
their  "robotic  telepresence"  technology,  destined  for  use  in  space  station 
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projects,  to  a  portable,  head-mounted,  computer-controlled  ima^e  proc- 
essing and  display  system."  (Joint  announcement  by  Wilmer  and  NASA) 

They  will  attempt  to  develop  an  experimental  low  vision  device  or  Low 
Vision  Enhancement  System  that  will  have  the  capacity  to  process  a  spec- 
tacle mounted  television  image  in  numerous  ways  including  through  mag- 
nification, contrast,  filtering,  and  edge  enhancement  techniques.  They  will 
also  attempt  to  remap  the  visual  information  from  dysfunctional  to  func- 
tional areas  of  the  retina. 

These  solutions  will  require  years  of  research  and  development.  For 
the  short-run,  it  may  be  more  productive  to  "chip-away"  at  the  mobility 
problem  by  isolating  and  defining  very  specific  subset  problems  and  at- 
tempting to  solve  each  subset  individually.  Whenever  possible,  solutions 
to  specific  problems  should  be  sought  that  have  wide  impact,  going  beyond 
the  blind  population,  so  that  commercialization  is  feasible  and  at  a  low 
cost  to  the  consumer. 

Examples  of  three  very  different  subset  problems  and  solutions  fol- 
lows. 

Some  Simple  Orientation  Solutions 

For  the  active  and  independent  blind  traveller  there  may  be  simple 
problems  that  are  best  solved  with  simple  technical  solutions.  Returning 
home  from  a  trip  during  a  snowstorm  can  present  the  blind  person  with 
the  unpleasant  situation  where  usual  landmarks  are  concealed  by  fresh 
snow,  forcing  the  traveller  to  guess  at  the  location  of  his  house.  At  such 
times  it  would  be  extremely  helpful  to  have  a  homing  device  that  could 
lead  the  traveller  to  his  front  door.  Many  other  types  of  concealed  desti- 
nations present  similar  problems  that  could  be  solved  through  the  use  of 
a  simple  device  such  as  an  auditory  beacon. Prototypes  have  been  de- 
veloped in  the  public  domain  that  use  components  from  radio  control  toys 
and  garage  door  openers. 

The  problem  of  chronic  spatial  disorientation  among  institutionalized 
blind  people  who  have  major  mental  or  neurological  problems  can  be 
conceptualized  in  a  way  that  lends  itself  to  technical  solution:^^ 

"When,  for  example,  a  severely  retarded  person  who  is  blind  has  a  chronic 
disorientation  problem,  the  assistance  of  the  staff  in  getting  to  interior 
destinations  in  the  institution  is  often  a  practical  necessity,  which  sets  up 
a  cycle  of  reliance  on  staff  assistance,  which  fosters  dependence,  which 
increases  the  tendency  to  rely  on  staff  assistance. 

To  break  the  cycle  of  these  residents'  total  dependence  on  staff  assistance, 
it  would  be  desirable  to  have  some  sort  of  automated  system  that  could 
take  the  place  of  the  staff  member  in  guiding  the  residents  from  one  interior 


Technology  for  Visually  Impaired 


251 


destination  to  another.  The  system  would  increase  the  residents'  self- 
esteem  and  sense  of  independence  and  decrease  staff  time  spent  in  guiding 
them.  Such  a  system  would  also  provide  instructors  with  an  exciting  teach- 
ing option.  What  might  emerge,  if  it  were  possible  to  wean  the  residents 
from  the  system,  would  be  a  new  and  potentially  powerful  teaching  tool." 

The  American  Foundation  for  the  BUnd  has  been  experimenting  with 
an  Auditory  Directional  System  which  provides  a  "musical  pathway"  for 
blind  persons  to  follow  to  get  to  interior  destinations  in  an  institutional 
setting.  13  The  system's  components  are  a  compact  disc  player  and  a  network 
of  speakers,  infrared  "people-detection"  equipment,  and  a  computer  con- 
trolled speaker-sequencing  system. 

In  mass  transit.  Electronic  Speech  Information  Equipment  that  func- 
tions as  a  "talking  bus  stop"  has  been  developed  and  tested  by  the  De- 
partment of  Transport  in  England  in  collaboration  with  the  University  of 
Nottingham'"^  (in  press): 

"...Many  blind  and  partially  sighted  people,  who  have  to  rely  on  public 
transport,  have  considerable  difficulty  in  locating  the  bus  stop,  establishing 
whether  the  bus  they  need  stops  at  that  point,  in  discovering  when  the 
next  bus  is  scheduled  to  arrive  and,  finally,  in  ascertaining  which  ap- 
proaching bus  is  the  one  that  they  need. 

With  these  problems  in  mind  the  object  was  to  devise  a  system  which 
would  enable  a  blind  or  partially  sighted  person  to  locate  the  stop,  to 
activate  manually  some  audible  information  about  services  using  the  stop, 
scheduled  arrival  times  and  the  approach  of  any  given  bus. 

The  system  was  developed  around  3  main  components.  A  'talking'  element 
using  voice  synthesis,  a  bus  identification  unit  to  'read'  the  route  number 
of  approaching  buses  and,  linking  these  two  components,  a  co-ordinating 
system  using  a  micro-computer. 

From  the  comments  made  and  from  personal  conversations  with  users 
and  participating  organizations  it  is  clear  that  the  system  has  generally 
been  very  well  received  and  extremely  welcome.  It  is  particularly  inter- 
esting to  note  that  it  has  demonstrated  its  usefulness  not  just  as  a  means 
of  helping  blind  and  partially  sighted  people  but  also  in  giving  guidance 
and  reassurance  to  elderly  people  and  to  visitors  unfamiliar  with  the  town's 
bus  route  and  system." 


Conclusion 

It  is  often  easy  for  professionals  to  forget  that  successful  technology 
development  in  the  field  of  mobihty  for  blind  persons  requires  the  input 
of  many  persons  with  different  backgrounds,  including  blind  persons 
themselves.  Blind  people  need  to  be  consulted  to  guard  against  a  common 
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cause  of  failure:  the  development  of  solutions  to  problems  that  do  not  exist. 
Success  also  requires  that  two  types  of  very  different  professionals  coop- 
erate closely:  scientists  and  engineers  on  the  one  hand  and  practitioners 
and  instructors,  and  especially  O&M  specialists,  on  the  other  hand.  The 
history  of  technology  development  in  the  field  of  blindness  is  replete  with 
examples  of  poor  inter-disciplinary  cooperation '"^  which  inhibited  the  de- 
velopment of  very  promising  technology. 

It  is  difficult  to  predict  how  and  when  the  cane,  dog,  and  the  array  of 
optical  devices  that  we  know  of  today  will  be  made  obsolete.  Certainly 
these  mainstays  of  O&M  will  be  around  for  many  years  to  come.  But  if  we 
work  together,  the  day  will  arrive  when  truly  profound  technological  so- 
lutions to  the  problem  of  mobility  for  blind  persons  will  be  available.  The 
will  and  the  desire  are  there;  only  the  ways  and  means  need  to  be  found. 
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